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Results of Experiments t o  Simulate Radiant 
Heating of Propellant i n  a Nuclear L i g h t  Bulb Engine 
Using a D-C Arc Radiant Energy Source 
SUMMARY 
Experiments were conducted t o  simulate radiant heating of the propellant stream 
of a nuclear l i g h t  bulb engine. 
temperatures i n  the simulated propellant stream due t o  the absorption of large per- 
centages of the incident thermal radiation. A high-power d-c arc was  used as the 
radiant energy source and argon seeded with carbon par t ic les  was used t o  simulate 
the propellant. 
parent duct w a l l s .  
in to  the central  region of a three-stream flow in  an annular duct t o  simulate the 
propellant stream. 
The primary objective was  t o  obtain high exi t  
Unseeded buffer layers were used t o  prevent coating of the trans- 
Methods were developed for  introducing micron-sized carbon seeds 
The bulk temperature i n  the exhaust of a reference nuclear l i gh t  bulb engine i s  
expected t o  be 12,000 R. A long-range goal of the propellant heating experiments 
conducted i n  the  laboratory i s  t o  obtain as high a value as possible of this  bulk 
ex i t  temperature i n  a configuration closely simulating that of the engine. 
r e su l t s  of the f i r s t  phase of these experiments indicate that simulated propellant 
bulk exi t  temperatures between approximately 3000 and 4000 R have been achieved. 
Based on thermocouple measurements at lower temperatures, it i s  inferred that loca l  
temperatures at  points i n  the simulated propellant duct were substantially greater 
than the bulk temperatures. 
t e s t s  t o  date were primarily limited by the par t icular  cooling configuration 
employed f o r  the transparent w a l l  adjacent t o  the  radiation source and by p a r t i a l  
vaporization of the foam material used at the propellant stream in l e t s .  
The 
The maximum bulk ex i t  temperatures achieved i n  the 
By making modifications t o  the d-c arc radiant energy source and t o  the pro- 
pel lant  heater configuration, it is  estimated that propellant bulk ex i t  temperatures 
approaching 6500 R can be achieved within the next year. 
integration of (1) an upgraded radiant energy source operating at higher powers f o r  
shorter run t i m e s  with (2) an improved propellant duct i n l e t  configuration employing 
upstream aerodynamic shear fo r  improved deagglomeration of the carbon dispersion. 
No evidence has been found i n  t e s t s  t o  date of l imitations which would prevent 
attainment of a bulk ex i t  temperature equal t o  tha t  i n  the  reference engine a f t e r  
development of  the required t e s t  equipment. 
measurement techniques i s  required t o  accurately determine the heat content and 
loca l  temperature of the hot, low velocity, seeded simulated propellant stream i n  
future t e s t s .  
This can be accomplished by 
Further development of high-temperature 
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As part of this effort to obtain high exhaust temperatures, supporting research 
was conducted to increase the mass attenuation coefficient of the seeded stream, to 
determine the optical properties of particle clouds, to develop seeded stream and 
buffer layer injection geometries that minimize seed coating of the duct walls, and 
to develop high-temperature measurement techniques for use with particle-laden 
streams e 
2 
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RESULTS AND CONCLUSIONS 
1. Simulated propellant bulk ex i t  temperatures between approximately 3000 and 
4000 R were obtained using thermal radiation from a d-c arc  source. 
thermocouple measurements i n  tests at  lower temperatures, it i s  inferred that loca l  
temperatures at points i n  the exhaust of the simulated propellant duct were sub- 
s t an t i a l ly  greater than the bulk exi t  temperatures. 
Based on 
2 .  Experiments were conducted i n  which up t o  96 percent of the incident 
radiation was absorbed by the  seeded simulated propellant stream. The absorption i n  
t e s t s  reported ea r l i e r  under t h i s  program was only 33 percent, Usually, less than 
2 percent of t he  incident radiation was absorbed by seed material deposited on the 
propellant duct w a l l s  during the time the seeds flowed. 
3. A propellant duct i n l e t  configuration was developed which allowed several 
different seed and buffer layer  injection geometries t o  be investigated. 
cold-flow t e s t s  using a configuration with 0.394-in.-wide buffer layers and a 
0.118-in.-wide central  seeded stream indicated that essent ia l ly  no w a l l .  coating 
occurred over the 5-in.-long t e s t  section length i f  the buffer layer and seeded 
stream injection average velocit ies were matched at  5.0 ft /sec.  
Results of 
4. Cold-flow experiments were conducted i n  which aerodynamic shear was used t o  
Passage of the  carbon dispersion through sonic deagglomerate the carbon dispersion. 
or i f ice  configurations (hole diameters from 0.02 t o  0.05 i n . )  resulted i n  mass 
attenuation coefficients -- averaged over the wavelength range from 0.22 t o  
2.3 microns -- up t o  approximately 16.3 x 103 c g / g .  
viding these high levels  of mass attenuation coefficient were developed too l a t e  i n  
the program t o  be incorporated i n  the propellant heating t e s t s  discussed above. 
the above-mentioned t e s t s ,  the  mass attenuation coefficients were more l i k e  the 
values i n  t e s t s  reported ea r l i e r  under t h i s  program -- on the order of 1000 cm?/g. 
Injection configurations pro- 
In  
5. A d-c argon arc  radiant energy source operating at  1 atmwas constructed t o  
serve as the intense nonnuclear radiant energy source for hot-flow tes t ing  of the 
seeded simulated propellant stream. The source was made compatible with the propel- 
l a n t  duct i n l e t  configuration and supplied up t o  20 kw of radiation incident on the  
seeded simulated propellant stream. For f i t u re  tests, th i s  source w i l l  be operated 
a t  higher powers for shorter run times (several seconds) and w i l l  provide greater 
than 100 kw of  radiant energy. 
6 ,  Further development of measurement techniques t o  determine the heat content 
Possible techniques 
and local  temperature of hot,  low-velocity, seeded gas streams i s  required, par- 
t i cu l a r ly  for  use i n  the temperature range from 4000 t o  7000 R. 
for  consideration include shielded aspirating thermocouples, a fast-response-time 
calorimeter, and various types of sampling probes, 
3 
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7.  Continued research i n  the area of seeded simulated propellant heating i n  
laboratory experiments i s  required t o  reach bulk ex i t  temperatures approaching 
those expected i n  the nuclear l i gh t  bulb engine (12,000 R ) .  
powers and making use of the  increased mass attenuation coefficients tha t  have been 
demonstrated, it should be possible t o  obtain significant increases i n  the bulk ex i t  
temperatures re la t ive  t o  those reported herein. 
ex i t  temperatures approaching 6500 R are attainable within the  next year. No evi- 
dence has been found i n  t e s t s  t o  date of l imitations which would prevent attainment 
of a bulk ex i t  temperature equal t o  that i n  the reference engine a f t e r  development 
of the required t e s t  equipment. 
By using higher arc 
Current estimates indicate tha t  bulk 
4 
J-910900-1 
SECTION I 
INTRODUCTION 
An experimental and theoret ical  investigation of gaseous nuclear rocket 
technology i s  being conducted by the United Aircraft Research Laboratories (UARL) 
under Contract SNPC-70 administered by the jo in t  AEC-NASA Space Nuclear Propulsion 
Office. The overall  research program i s  directed toward investigating the feasi-  
b i l i t y  of the nuclear l ight bulb engine. This report discusses that portion of the 
research program i n  which a seeded simulated propellant was  heated t o  high tempera- 
tures  by the  absorption of thermal radiation. 
Nuclear Light Bulb Concept and Reference Engine Configuration 
The nuclear l i g h t  bulb concept described in  Refs. 1 and 2 i s  based on the  
principle of t ransfer  of e n e r a  by thermal radiation from a fissioning gaseous 
nuclear fue l  t o  seeded hydrogen propellant flowing through an annulus surrounding 
the nuclear fuel .  
parent wall which separates the  nuclear fue l  from the  propellant stream. 
i l l u s t r a t e s  t h i s  principle of operation w i t h  a cross section of one uni t  cavity. 
The reference engine (Ref. 3) is  formed by a cluster  of seven such cavi t ies  t o  
increase the effective radiating surface area of the nuclear fue l  cloud. 
i s  a schematic of the  d-c arc radiant energy source used i n  the propellant heating 
simulation t e s t s .  The significant dimensions of  both the  uni t  cavity and the  pro- 
pel lant  heating configuration are indicated. 
detailed dimensions of one uni t  cavity of the reference engine. One-half of the 
rotat ional ly  symmetric cavity i s  s h m .  
annulus 6 f t  long with a 1.614-ft inside diameter. 
uniformly from 0.104 f t  at the  i n l e t  t o  0.513 f t  a t  the  exhaust. 
Radiant energy i s  transferred through an internal ly  cooled trans- 
Figure l ( a )  
Figure l ( b )  
Figure 2 i s  a sketch showing additional 
The propellant region i s  a divergent 
The annulus width increases 
In  the reference engine, approximately 98 percent of the t o t a l  thermal radiation 
incident on the  propellant stream i s  absorbed by the hydrogen propellant (Ref. 3). 
Hydrogen i s  essent ia l ly  transparent t o  thermal radiation at  the  engine operating 
pressure of 500 a t m  and below a temperature of approximately 14,000 R. Therefore, 
a seed material must be added t o  the  propellant stream t o  provide the  required 
opacity. 
high-boiling-point, submicron-sized metal par t ic les  that exhibit good absorption 
characterist ics i n  both the pa r t i c l e  and vapor forms. Submicron-sized par t ic les ,  
low-ionization-potential metal vapors4 and various polyatomic gases have been 
examined theoret ical ly  and experimentally as possible seed materials for  the pro- 
pellant stream (Refs e 4 through 12) d Submicron-sized so l id  o r  l iquid par t ic les  
exhibit essent ia l ly  continuous spectral  absorption characterist ics as contrasted 
w i t h  discrete spectral  absorption characterist ics exhibited by low-ionization-potential 
The ideal  seed material would consist of nonreactive, high-melting-point, 
5 
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metal vapors and polyatomic gases. 
absorption properties of small so l id  par t ic les  have been based on the  Mie theory 
(Ref e 13) .  This theory describes the spectral  extinction, absorption, and scat ter-  
ing of radiation by spherical par t ic les  as f'unctions of par t ic le  s izes  material 
properties, and the  wavelength of the  incident radiation. The r e su l t s  of these 
studies indicate tha t  tungsten i s  a t t rac t ive  as a seed material because of i t s  high 
melting point, high boiling point, and low reac t iv i ty  with hydrogen. 
reference engine, nominal 0.05-micron-dia tungsten par t ic les  are assumed t o  be used 
as a propellant seed material. 
Theoretical studies (Refs. 4 through 8) of t he  
In the 
In each uni t  cavity the inner w a l l  of the propellant annulus i s  highly trans- 
parent. The outer w a l l  is  highly ref lect ive t o  reduce the  heat load t o  the  
moderator and t o  increase the effective radiant energy path length i n  the  propellant 
region. A th in  layer  of unseeded gas flows adjacent t o  both the inner and the outer 
w a l l s  of t he  propellant region. These th in  unseeded layers serve as buffer regions 
which prevent the  degradation of the opt ical  properties of the walls due t o  coating 
by the propellant seed. 
thus reducing the  heat t ransfer  t o  the  duct w a l l s .  
They a l so  aid i n  keeping hot gases away fromthe w a l l s ,  
For the  reference engine, the radiant heat f lux a t  the surface of the  nuclear 
fuel  i s  177.8 kw/in.*. 
temperature of 15,000 R .  
velocity of 35.5 f t /sec,  a bulk temperature of 4,050 R ,  and an enthalpy of 
4 1.55 x 10 Btu/lb. 
calculated f o r  the most recent version of th i s  reference engine -- see Ref. 14.)  
The corresponding exhaust conditions are  a velocity of 23.7 f t /sec,  a bulk tempera- 
ture  of 12,000 R, and an enthalpy of 1.033 x lo5 Btu/lb. 
r a t e  per un i t  cavity i s  6.04 lb/sec. 
3 percent of the hydrogen weight flow r a t e ,  
seven uni t  cavi t ies  exhausts i n to  e i ther  a single comon nozzle o r  a multiple 
nozzle system (Ref. 1). 
This f lux corresponds t o  an equivalent black-body radiating 
The i n l e t  conditions i n  the  propellant region are  a 
(Slightly lower values of t h i s  temperature and enthalpy are 
The hydrogen weight flow 
The seed weight flow r a t e  is  approximately 
The hot propellant f romthe cluster  of 
Principal Objectives 
The principal objectives of this  portion of the overall  research e f for t  are: 
(1) t o  experimentally demonstrate t ha t  large fractions of incident thermal 
radiation from a radiant energy source can be absorbed i n  a seeded simu- 
l a t ed  propellant stream t o  obtain high temperatures a t  the  propellant 
stream exi t ;  and 
(2)  t o  develop methods for deagglomerating and injecting micron-sized so l id  
par t ic le  seeds in to  a simulated propellant stream which consists of three 
para l le l  flows (the central  stream i s  seeded; the two adjacent unseeded 
streams act  as buffer layers t o  prevent coating of the transparent w a l l s ) .  
6 
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Experimental Approach 
The approach taken was t o  first conduct a preliminary ser ies  of cold-flow t e s t s  
w i t h  modified versions of the propellant i n l e t  geometry used i n  the i n i t i a l  propel- 
l a n t  heating program described i n  Ref. 15. 
hypotheses upon which a more advanced propellant i n l e t  was based. 
propellant i n l e t  design incorporated replaceable par t s  t o  permit variations of the 
basic i n l e t  design t o  be tes ted  i n  cold-flow t e s t s .  
configuration was designed t o  be compatible with the  d-c arc radiant energy source. 
The resu l t s  were used t o  t e s t  the 
The more advanced 
In addition, the advanced 
Modifications were made t o  the d-c arc source used i n  the i n i t i a l  propellant 
heating program (Ref. 15) .  
i n  a geometry sui table  fo r  propellant heating t e s t s .  
hot-flow t e s t s  reported herein. 
These permitted operation of the source a t  high powers 
This source w a s  used fo r  the 
Additional cold-flow t e s t s  were conducted t o  increase the  mass attenuation 
coefficient of the  carbon seed used as the simulated propellant stream. 
accomplished through application of aerodynamic shear t o  the flowing carbon dis- 
persion. Success i n  th i s  area was at tained t o o  far in to  the program fo r  t h i s  tech- 
nique t o  be incorporated i n  the d-c arc  propellant heating t e s t s .  
analytical  heat t ransfer  analysis of the simulated propellant stream, including the 
effects of reradiation from the hot propellant stream, was also conducted. 
This w a s  
A simplified 
This report i s  divided in to  separate sections describing the principal equip- 
ment used, discussing the cold-flow t e s t s ,  and discussing the hot-flow t e s t s .  Also 
included are four appendixes on the optical  properties of par t ic le  clouds, on the  
calculation procedure for  obtaining propellant stream bulk ex i t  teaperature, on flow 
visualization t e s t s  using a two-dimensional flow channel, and on special  instrumenta- 
t ion  t e s t s  using a plasma torch which are applicable t o  future propellant heating 
t e s t s  (Appendixes A through D, respectively) 
7 
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SECTION I1 
DESCRIPTION OF PRINCIPAL EQUIPMENT 
Figure 3 i s  a sketch of the basic d-c arc  heater configuration with the  
simulated propellant heating assembly. 
are discussed i n  the  following sections. 
as par t  of a UARL Corporate-sponsored program. 
e l ec t r i ca l  components of the d-c arc  heater i s  shown i n  Fig. 4. 
heater consists of motor-generator power supplies, rheostat controls, s ta r t ing  con- 
t r o l s ,  switchgear, a variable ballast res i s tor ,  current and voltage meters, and the  
d-c arc  source. 
motor-generator s e t s  rated at  250 kw each. 
for  e i ther  se r ies  or  pa ra l l e l  operation. 
remote-controlled rheostat .  
preset pr ior  t o  arc  in i t i a t ion ,  i n  addition t o  being varied during t e s t  operation. 
Details of the  propellant heating assembly 
The d-c arc heater was constructed i n  1968 
A block diagram of the  primary 
The basic d-c arc 
The arc power i s  supplied by two shunt-wound General Electr ic  
The motor generators may be connected 
This permits the motor-generator f i e l d  voltage t o  be 
The d-c power output i s  varied using a 
A more detailed diagram of the d-c a rc  heater e l ec t r i ca l  c i rcu i t  i s  shown i n  
Fig. 5. 
tor ing and control instruments, and the d-c arc s t a r t e r  system. 
including a remote s tar t -s top control, are located on the a rc  control console, 
shown i n  Fig. 5. 
Included are  the  c i rcu i t ry  f o r  t he  motor generator sets ,  the  d-c arc moni- 
A l l  control un i t s ,  
Figure 6 shows the e l ec t r i ca l  operating characterist ics of the d-c arc  heater 
as used f o r  the propellant heating t e s t s  reported herein. 
argon arc operating a t  approximately 1.0 a t m  pressure. 
generator s e t s  were connected i n  ser ies .  As  shown i n  Fig. 6, the arc  current and 
voltage ranged, respectively, from 295 t o  850 amps, and from 122 t o  175 vol ts  d-c. 
The maximum t o t a l  arc power f o r  these t e s t s  w a s  148.75 kw. The fract ion of the a rc  
power available for  heating the simulated propellant was  re la t ive ly  modest compared 
with the t o t a l  power deposited i n  the  d-c arc. 
power losses t o  the  cathode, anode, and other water-cooled components. Also, as 
shown i n  Fig. 3, the propellant stream i s  not exposed t o  the  upper portion of the  
arc column. 
losses. 
t e s t  times (1 t o  5 sec) ,  could expose a larger  f ract ion of the arc  t o  the propellant 
stream and also reduce the losses t o  the water-cooled components. 
Ref. 15, d-c arc  t e s t s  have been conducted, w i t h  equipment similar t o  that described 
herein, i n  which the arc current was greater than 1450 anrps. 
power i n  tha t  ser ies  of t e s t s  w a s  approximately 230 kw. 
t e s t s ,  the motor generators were operated i n  a ser ies  overload condition. The 
maximum rated power available from the motor-generator se t s  is  0.5 megw. 
The t e s t s  employed an 
For these t e s t s ,  the  motor- 
This was because of the associated 
Modifying the  arc  configuration can serve t o  reduce some of these 
For example, a more compact arc configuration, which operates for  shorter 
As  reported i n  
The maximum t o t a l  arc  
For these shorter-time 
8 
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The operating range for  which d-c arc s t a b i l i t y  can be attained (with the i r  
inherent nonlinear dependence between voltage and c p r e n t )  i s  res t r ic ted  by con- 
figuration, c i r cu i t  and flow considerations. 
t ions i n  s t a t i c  voltage-current characterist ics,  depending on environmental 
conditions. From e lec t r ica l  c i r cu i t  considerations, the arc  c i rcu i t  i s  s table  
provided RB + d V d d I A > O ,  where RB i s  the ballast resistance, VA i s  arc voltage, and 
IA i s  arc current. To sa t i s fy  t h i s  s t a b i l i t y  cr i ter ion,  an air-cooled ballast 
r e s i s to r  w a s  added t o  the  d-c power supply c i r cu i t  (Fig. 5 ) .  
of d-c arc operation using motor-generator power supplies is  the elimination of 
undesirable power supply r ipple  inherent i n  a l l  moving-coil-transformer or 
saturable-reactor type pmer  supplies. 
The a rc  may a l so  exhibit large varia- 
A d i s t inc t  advantage 
D-C Arc Source Configuration 
Electrodes 
The basic d-c arc heater configuration (Fig. 3) consists of a vortex-stabilized 
d-c arc enclosed within concentric, water-cooled, fused s i l i c a  tubes. 
dimensions of the inner fused s i l i c a  tube were 1.26-in.-ID by 1.38-in.-OD, and those 
of the  outer fused s i l i c a  tube were 1.57-in.-ID by 1.69-ine-OD. 
l ished between a pin cathode and a hollow cylindrical  anode. 
hemispherical-tipped, 2.0-percent thoriated-tungsten rod of O.25-in. diameter. The 
cathode i s  recessed and silver-soldered in to  a water-cooled copper well. 
t i c a l  location of the cathode can be varied t o  optimize the location, size,  operat- 
ing temperature, and constriction of the cathode attachment spot. Experiments have 
indicated tha t  the cathode operating temperature plays a role  i n  achieving stable,  
uncontaminated, long-lifetime operation, par t icular ly  a t  high power levels .  The 
cathode water-cooling flow ra te ,  which also influences t h i s  condition, couId also 
be varied. The cathode in  the  d-c arc heater configuration (Fig. 3) i s  raised up 
in to  the f'used s i l i c a  tube (1/2 in .  above the seed injection annulus i n l e t  plane), 
as opposed t o  being positioned at the lower end of the fused s i l i c a  tube as i n  the 
t e s t s  discussed i n  Ref, 15. This new location helps t o  eliminate the  d i f f i cu l t i e s  
encountered due t o  radiation heating of the "O"-ring seals  a t  the lower end of the 
fused s i l i c a  tubes. The new location a l so  decreased the direct  radiant heating on 
the  s ta inless  s t e e l  injectors  of the propellant duct. This modification allows 
higher power arc  operation with the propellant heating configuration than previously 
could be achieved. The cylindrical  water-cooled copper anode (Fig. 3) contains a 
0.5-in.-dia hole with rounded corners on i t s  centerline.  Recessed i n  the anode's 
outer periphery i s  a water-cooled magnetic f i e l d  coi l .  
e lec t r ica l ly  connected in  ser ies  w i t h  the  arc. 
ne t ic  f i e l d  generated by the c o i l  and the arc current i n  the anode attachment 
region (3 x 3 force) causes the  arc anode attachment spot(s) t o  ro t a t e  rapidly, 
magnetically driving the  anode spot (s)  a t  high speeds (approximately 2000 rev/sec) 
over the anode surface, the very high heat load i n  the  anode spot region i s  spread 
The nominal 
The arc  i s  estab- 
The cathode i s  a 
The ver- 
The magnetic f i e l d  c o i l  is  
The interaction between the mag- 
By 
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over a s ignif icant ly  larger  area. 
flowing meridionally within the anode coolant passage t o  remove the heat more effec- 
t ive ly .  
current levels  of approximately 1500 amp. 
several hours. 
This permits the  high-velocity water-cooling 
This magnetically augmented water-cooled anode i s  capable of operation a t  
The average l i fe t ime of the anode i s  
Arc Flow System 
Vortex Injectors - - - - - - - - -  
The arc  column i s  s tabi l ized by the  vortex flow which i s  introduced in to  the 
The vortex generator injection plenum surrounding the cathode assembly (Fig. 3) e 
assembly has four equally spaced ve r t i ca l  s ta inless  s t e e l  tubes through which argon 
gas flows. Each of these tubes has four O.Ol5-in.-dia holes, spaced 0.118 i n .  
apart. 
nonoxidizing environment which minimizes erosion of the  tungsten cathode. The 
angle of vortex injection can be varied from f u l l  rad ia l  (coaxial flow pa ra l l e l  t o  
discharge axis) t o  f u l l  tangential  (vor tex  flow) during arc operation by a variable- 
speed servo-motor drive and gear assembly. 
vortex geometry for  a par t icular  power l eve l  and vortex tube length-to-diameter 
ra t io .  
the axis of the  fused s i l i c a  tube surrounding the discharge. 
i s  connected t o  the lower end of the inner fused s i l i c a  tube through a convergent 
nozzle section. 
generator. 
In addition t o  desirable arc column characterist ics,  the argon provides a 
This permits establishing the optimum 
The optimum condition is  when the discharge axis i s  steady and colinear w i t h  
The vortex generator 
Argon weight flow ra tes  up t o  0.024 lb/sec were used i n  the vortex 
Locator - - - -  
The t rans i t ion  of the arc from the posit ive column t o  the anode region occurs 
a t  the water-cooled copper locator (Fig. 3). The locator helps confine the arc t o  
the centerline of the ftised s i l i c a  tube. It also acts  as an interface between the  
plasma column of the  t e s t  section and the top of the d-c arc heater. 
divergent shape of the  locator helps minimize anode erosion by directing the  arc 
column into the  center of the anode. The inner diameter of  the  locator was chosen 
as 5/8 in .  t o  minimize constriction effects  on the arc column (these, i n  turn, may 
se t  up undesirable j e t s  due t o  magnetic pinch e f f ec t ) .  
porated improved shielding for  the l'O1l-ring seals  at  the upper end of the fused 
s i l i c a  tubes. 
of the propellant heating t e s t  equipment and from the table  which supported the 
configuration. 
The convergent- 
The loeator design incor- 
The cathode and anode were e lec t r ica l ly  isolated from the components 
Arc Starting System 
The arc was in i t i a t ed  by employing a secondary tungsten-tipped s ta inless  s t e e l  
anode (0.25-in.-dia rod, 30.25 in .  long) which i n i t i a l l y  made contact w i t h  the 
cathode t i p ,  and w a s  then rapidly withdrawn (approximately 10 f t /sec)  upward through 
10 
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t he  primary anode. 
reached the l eve l  of the primary anode (see Fig, 5) 
secondary anode t o  the primary anode w a s  accomplished as the secondary anode con- 
tinued upward t o  i t s  f u l l y  re t racted position. 
a two-way pneumatic cylinder, 
w i t h d r a w a l  of the secondaxy anode lagged the main arc power in i t i a t ion  by approxi- 
mately 0.5 sec, This fu l ly  established the arc p r io r  t o  rapidly drawing apart the  
electrodes. During the s ta r t ing  sequence, an air-cooled ba l las t  r e s i s to r  was  used 
t o  l i m i t  the  arc current t o  approximately 50 amp. 
w a s  used t o  reduce contamination of the test-section w a l l s  due t o  tungsten sputter- 
ing caused by a sudden high-current arc, or the  contamination which would be given 
off had an exploding wire s ta r t ing  technique been employed. 
f romthe secondary t o  the  primary anode, l e s s  ba l las t  resistance is  present i n  the 
arc c i rcu i t  (see Fig. 5) e 
In  t h i s  way, the arc was drawn ver t ica l ly  upward u n t i l  it 
Arc t ransfer  from the 
The s ta r t ing  system was  actuated by 
The s ta r t ing  sequence w a s  synchronized such that 
The current-limiting technique 
After the a rc  t ransfers  
Gas and Water Cooling Systems 
The gas and water cooling systems for  the d-c arc heater are shown schematically 
i n  Fig. 7. 
the water-cooling for  the propellant duct walls, locator,  and exhaust gas calorim- 
e te r  (discussed i n  the  following subsection) A reciprocating-type water pump rated 
at  450 psig and 20 gpm supplied the water-cooling for the anode, cathode, and mag- 
net ic  f i e l d  co i l .  The water-coolant l ines  were connected from the individual pump 
manifolds t o  the various elements of the t e s t  equipment by high pressure, e lec t r ic -  
a l l y  nonconducting f lexible  nylon hose. 
was controlled by means of separate valves. The l o w  pressure return l ines  fed in to  
rotameters t o  permit determination of the coolant flow r a t e  through each element. 
After flowing through the  rotameters, a l l  coolant flows were connected t o  a common 
water exhaust manifold and drain. 
flow system was  monitored by a thermocouple located a t  the i n l e t  manifold. The 
temperature of the water leaving each element w a s  monitored by separate thermo- 
couples located close t o  the exhaust of each element 
couples were used t o  measure a l l  water temperatures. 
A centrifugal-type water pump, rated a t  180 p s i  and 1-50 gpm,  supplied 
The water-coolant flow ra t e  t o  each element 
The t e q e r a t u r e  of the water entering the water- 
Copper/Constantan thermo- 
Argon for  the d-c arc vortex generator and the simulated propellant stream was 
provided from separate high pressure supplies. 
consisted of two argon bot t les  (245 scf each) manifolded together, The argon supply 
fo r  the  simulated propellant flows consisted of eleven argon bot t les  (245 scf each) 
manifolded together. The argon flow ra tes  were monitored using rotameters, 
d-c arc heater vent was connected t o  a 1500 cfm axial fan which was located d i rec t ly  
above the t e s t  section. 
I l lus t ra ted  are  the  major arc  componentsg the water-cooling and gas connections, the 
propellant duct, and the exhaust vent. 
lower right-hand corner of Fig. 8. 
The argon vortex generator supply 
The 
Figure 8 i s  a photograph of the t e s t  configuration. 
The vortex control system is shown i n  the 
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The t e s t  stand (see Fig. 8) allows easy removal and attachment of the various 
arc  components and the  numerous propellant stream feed l ines  (seed and buffer) 
Vertical adjustments can be made t o  permit location of the ?-in.-long t e s t  section 
i n  different positions re la t ive  t o  diagnostic equipment located outisde of the t e s t  
chamber (e.g., radiometer and cameras). 
Diagnostic Equipment 
Radiation Measurements 
The payer radiated from the plasma column was measured using a radiometer 
incorporating a BaF2 thermopile detector. 
calibrated by three methods. 
ments were obtained i n  the  wavelength range of  0.25 t o  1.3 microns. 
radiometer opt ical  system is  shown i n  Fig. 9. 
t ha t  the  arc column was viewed through a 1.0-in.-wide by 0.75-in.-high aperture 
located 8.0 in .  from the t e s t  section. 
element w a s  located 39.4 in.  f romthe t e s t  section centerline. 
allowed the radiometer t o  view a l.O-in.-high by 1.26-in.-wide section of the region 
within which the  plasma column w a s  located. 
about 0.75 in .  
of the viewing area. 
cathode t i p  (see Fig. 3).  
As  discussed below, t h i s  radiometer was 
For the t e s t s  reported herein, t o t a l  radiation measure- 
A sketch of t he  
The radiometer was positioned such 
The 0.234-in. by 0.234-in, BaF2 thermopile 
This opt ical  system 
The diameter of the plasma column was  
Thus, the plasma column did not completely f i l l  the  1.26-in. width 
The center of the region viewed was about 2.5 in. aBove the  
The radiometer w a s  calibrated w i t h  a standard lamp (General Electr ic  DXW quartz- 
iodine tungsten filament lamp) of known spectral  characterist ics e The 1.0-in.-long 
filament of the lamp was positioned i n  a location equivalent t o  the  position of the  
t e s t  section centerline i n  Fig. 9, within the 1-in.-high view of the radiometer. 
Because of the uncertainties involved i n  calculating the t o t a l  radiant heat 
f lux  incident on the seeded propellant stream from radiometer measurements at one 
isolated point, a ser ies  of t e s t s  was  conducted i n  which the propellant stream was  
simulated by a blackened surface surrounding the  d-c source. 
heat deposited a t  th is  surface was measured and compared w i t h  tha t  determined from 
radiometer measurements. An uncooled copper cylinder (6.0 in .  long) was located 
concentric w i t h  the source axis and w a s  instrumented with several thermocouples. 
Both shielded (ungrounded) and exposed- junction chromel/alumel thermocouples were 
used. 
cylinder t o  permit a check on the thermal response and spa t ia l  temperature distribu- 
t ion.  
roundings, thereby reducing the measured temperature r i s e ,  layers of asbestos 
insulation and tef lon s t r i p s  were located around the outer periphery and top of the 
cylinder. To reduce s t ray  reflections fromthe inner surface of t he  cylinder, t he  
ent i re  inside surface w a s  coated w i t h  carbon residue from an acetylene flame. The 
change i n  cylinder temperature during a run was  determined from the thermocouple 
The t o t a l  radiant 
Locations were selected at  the central  portion and extremities of the 
To minimize the  amount of heat convected away fromthe cylinder t o  i t s  sur- 
1 2  
output voltage. Due t o  the effects  of the i n i t i a l  low-current s ta r t ing  sequence, 
which las ted  approximately 0.8 sec, two separate thermocouple readings were taken 
t o  determine the heat f lux t o  the cylinder inner surface during operation w i t h  the 
main arc current. F i r s t ,  only the s ta r t ing  sequence was operated; then, i n  the 
second t e s t ,  the  high-current data were taken. The difference of the two readings 
i s  proportional t o  the cylinder heat load 
current 
during operation with the main a rc  
The copper cylinder was  located 0.39 in.  f romthe outer f'used si l ica tube 
(1.75-in.-OD) and was separated from the source by two fused s i l i c a  tubes and an 
annulus of cooling-water 0.10 in ,  thick. The energy conducted and convected from 
the source t o  the  copper cylinder was neglected. Therefore, the values obtained 
from the copper cylinder data should approximate those obtained from calculations 
using the  radiometer. 
radiometer measurements and measurements obtained using the  transient calorimetric 
technique (use of uncooled copper sleeve of known dimensions and mass i n  the pro- 
pel lant  duct) * 
a portion of the t e s t  section (see Fig. 3) was approximately 10 t o  20 percent 
greater than tha t  obtained from the copper sleeve measurements. 
The resu l t s  indicated reasonably good agreement between 
The t o t a l  radiated power determined from radiometer measurements of 
To have another independent check on the  radiated power incident on the  pro- 
pel lant  duct t e s t  section, a ser ies  of t e s t s  was conducted in  which a known concen- 
t r a t ion  of an organic water-soluble dye (nigrosine) was added t o  the coolant f l u i d  
of the  outermost s e t  of fused s i l i c a  tubes (Fig. 3 ) .  The t o t a l  radiation absorbed 
i n  the water-dye coolant was then measured. Taking the  estimated losses in to  
account, the resu l t s  compared favorably w i t h  both the radiometer measurements and 
the  copper-sleeve calorimetric measurements. The resu l t s  were a l so  consistent w i t h  
estimates of the expected behavior of the arc for  the  given t e s t  conditions. These 
al ternate  and independent measurements of the t o t a l  radiated power incident on the 
propellant duct t e s t  section provided ver i f icat ion of the radiation attenuation 
measurements and data reduction procedures used l a t e r  i n  hot-flow t e s t s .  
The d-c arc  propellant heater configuration was operated steady-state at  t o t a l  
Depending on the arc  current, argon weight flow ra te ,  
radiation levels  incident on the 5.0-in.-long propellant duct t e s t  section of 
s l igh t ly  greater than 20 kw. 
and vortex injection angle, the percentage of t o t a l  arc  power radiated per uni t  
length ranged from about 50 t o  70 percent. 
A ser ies  of t e s t s  was conducted t o  determine the fraction of radiation absorbed 
These t e s t s  i n  the cooling-water and fused s i l i c a  tubes surrounding the d-c s a u c e .  
were conducted a t  power levels  which permitted long run times, 
shown i n  Fig. 3, a O,Ogg-in, annulus of cooling water surrounded the arc discharge. 
The resu l t s  indicated tha t ,  with approximately 30 kw of d-c power deposited in to  the 
source within the  t e s t  section, l e s s  than 1 kw w a s  deposited in to  the cathode 
cooling water. About 6 kw was deposited into the locator and 8 kw w a s  deposited 
in to  the annular cooling water flowing between the  concentric f ised s i l i c a  tubes, 
For the  t e s t  geometry 
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The t o t a l  radiation per inch of arc length i n  the  t e s t  section was measured using a 
radiometer. The measurements indicate t h a t  approximately 9 kw was radiated through 
the  water-cooled t e s t  section. When the outer annulus of water coolant w a s  removed, 
the  radiometer measurements indicate tha t  approximately 11 kw was  radiated through 
the t e s t  section for  the  same 30-kw input power. 
The percent of t o t a l  radiation passing through the  cooling water and fused 
s i l i c a  tubes surrounding the  d-c arc,  i n  various wavelength bands, was measured 
using a radiometer. The result ing spectral  dis t r ibut ion is  shown i n  Fig. 10. The 
t o t a l  power t o  the d-c arc was  35 kw.  
argon vortex flow of 0.018 lb/sec. 
t ion  incident on the simulated propellant stream. 
power the  spectrum may sh i f t  toward the  u l t rav io le t .  The transmission character- 
i s t i c s  of the f i l t e r s  used with the  radiometer t o  obtain the above spectral  charac- 
t e r i s t i c s  are shown i n  Fig. 11. The transmission characterist ics of a O,Ogg-in,- 
thick water layer are  a lso shown. 
The arc pressure was about 1.0 a t m  with an 
This i s  typical  of the type of spectral  distribu- 
However, for  t e s t s  a t  higher 
Calorimetry 
One of the methods used (for  some tests)  t o  determine the  propellant bulk ex i t  
temperature w a s  based on calorimetry. 
the  seeded simulated propellant stream a f t e r  it l e f t  the  t e s t  section. 
imeter was  located direct ly  above the t e s t  section and below the a rc  anode assembly 
as shown i n  Figs. 3 and 8. After passing through the t e s t  section and calorimeter, 
the  simulated propellant stream was ducted t o  an exhaust hood through eight copper 
exhaust, vent tubes (see Fig. 8).  A detailed sketch of the calorimeter and i t s  sur- 
rounding components i s  shown i n  Fig. 12. The calorimeter cooling co i l s  were 
fabricated using 0.1875-in.-dia copper tubing. Copper wire w i t h  a 0.04-ine-dia was  
wound around the  copper cooling co i l s  t o  provide the desired spacing between the 
coi ls .  
l a n t  exhaust, not a l l  of the energy i n  the  propellant exhaust was absorbed i n  the  
calorimeter. 
locator,  the two water-cooling annuli, and the calorimeter had t o  be accounted fo r  
i n  the calorimetric determination of the simulated propellant bulk ex i t  temperature. 
The temperature change of the simulated propellant gases exhausting t o  the  vent w a s  
a lso measured. 
constantan thermocouples. 
alumel thermocouple. The various exhaust temperatures were first measured w i t h  
only argon flowing through the t e s t  section. 
was reached while the seeds were flowing through the  t e s t  section. To account for 
possible heat sinking and t ransient  effects ,  time was allowed for  each of t he  
various sensors t o  come t o  complete steady-state readings for  each t e s t  condition. 
Equilibration of the water-cooling temperatures typical ly  took about 1 5  sec. 
resu l t s  of the  simulated propellant bulk ex i t  temperature determinations by 
calorimetry are  discussed i n  Section I V .  
A water-cooled calorimeter was  used t o  cool 
The calor- 
Because of the close proximity of other par ts  t o  the hot sirmilated propel- 
Therefore, the  change i n  energy content of the  cooling water fo r  the 
All the  water-cooling temperatures were measured using copper/ 
The gas ex i t  temperature was measured using a chromel/ 
They were remeasured af%er equilibrium 
The 
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Thermocou-oles 
Measurements of t he  loca l  temperature 
Figure 12 shows made using thermocouples. 
i n  the  simulated propellant exhaust were 
schematically the location of t he  thermo- 
couples. 
radial ly  as shown i n  Fig. 12. During most t e s t s  only one thermocouple was  used, 
The thermocouples could be introduced in to  the exhaust e i ther  ax ia l ly  or 
Chromel/alumel thermocouples with the  following types of thermocouple junctions 
were used: exposed welded, eroding, shielded aspirating, and right-angle. An 
exposed junction tungsten/tungsten 26 percent rhenium was a l so  used. Figure 13 i s  a 
photograph of these thermocouples, showing the approximate s ize  of each and the  stem 
type; a close-up view of each thermocouple junction i s  shown i n  Fig. 14. .The sheaths 
of the chromel/alumel thermocouples were made of 1/8-in. -dia tantalum, with stem 
lengths ranging from 6 in.  t o  12 in .  
other and from the sheath with magnesium oxide. 
alumel thermocouples was up t o  2500 R. 
(Figs, 13 and 14) had the  elements welded together and exposed direct ly  t o  the  gas 
stream. The elements of the eroding junction type thermocouples (Figs. 13 and 14) 
are t w o  0.02-in.-thick ribbons insulated from each other. 
impinging gas stream (such as a hot particle-laden flow), the junctions erode, 
causing th in  s t r i p s  of metal t o  bridge the gap between the  elements forming the 
thermocouple junction. This type of design allows continuous monitoring of the  
temperature while the junction i s  being eroded. Thus, the  l i f e  of the thermocouple 
i n  t h i s  environment is  considerably longer than tha t  of thermocouples with other 
type junctions. The shielded aspirating type thermocouple (Figs. 13 and 14)  had an 
exposed junction type thermocouple enclosed within a 1/16-ine -OD shield t o  reduce 
possible errors i n  the measured temperature due t o  the location of the  thermocouple 
i n  a radiation f ie ld .  
open end of the shield.  
the t i p  of the shield t o  allow the hot gas t o  flow up inside the shield past  the 
thermocouple junction and out through the holes. The fourth type of chromel/alumel 
thermocouple used w a s  a right-angle type (Figs. 13 and 14) .  The thermal junction 
i s  a t  r ight  angles t o  the longitudinal axis of the probe. The thermal element con- 
sists of ribbons e lec t r ica l ly  welded together at  the sensing t i p .  The ribbons i n  
the  v ic in i ty  of the thermal junction are pa ra l l e l  t o  the direction of the gas flow 
and extend fromthe thermocouple stem, Both of the elements near the thermocouple 
junction are heated direct ly  by the gas stream, thereby reducing the effects  of 
conduction on the  thermocouple measurement. 
The thermal elements were insulated from each 
The calibrated range of  the chromel/ 
The exposed junction type thermocouple 
Upon exposure t o  a hot 
The thermocouple junction was  located about 3/16 in .  from the 
The shield had four 1/64-in.-dia holes 1/4 i n .  back frm 
The tungsten/tungsten 26 percent rhenium thermocouple (Fig. 13) had a 1/8-in. -OD 
by 6-in.-long molybdenum stem. The thermal elements were insulated from each other 
and the stem by thorium oxide, The calibrated range of t h i s  type thermocouple was 
up t o  4500 R, The thermal junction was exposed, with the  elements welded together, 
The exposed element of t h i s  type thermocouple w a s  very fragi le .  
discussion of the  application of these types of thermocouples t o  the measurement of 
the simulated propellant l oca l  exi t  temperature are given i n  Section IV. 
The resu l t s  and 
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The response time of the  thermocouples as used i n  t e s t s  reported herein w a s  
about 18 sec. 
Recording Equipment 
The output of the  thermocouples for  the water and gas ex i t  temperatures and the  
output of the  radiometer were recorded on s t r i p  chart recorders. The cooling water 
and argon gas f l o w  ra tes  were measured using rotameters. The d-c current, voltage, 
and motor-generator f i e l d  voltage were displayed on meters on the control console. 
S t i l l  photographs of selected t e s t s  were taken w i t h  a Polaroid camera. High-speed 
motion pictures of a few t e s t s  were taken w i t h  a WCam 16-111.tn camera, operating at  
several speeds between 200 and 1000 frames/sec. 
Seed Dispersal System 
Figure 15 i s  a schematic diagram of the simulated propellant flow system and 
high-pressure seed dispersal  system. This system provides the required flows of 
seeds, car r ie r  gas, and buffer gas. Carbon seed material having a nominal diameter 
of 0.012 microns w a s  used i n  these t e s t s  instead of tungsten as considered f o r  the 
nuclear l i g h t  bulb engine because i t s  opt ical  character is t ics  over the  s ize  range of 
in te res t  are  well known. In  addition, carbon seed i s  readily available, inexpensive, 
and easier t o  handle than tungsten. Argon was used as the seed car r ie r  arid buffer 
gas i n  a l l  t e s t s .  The seed dispersal  system consists of a 5.0-in.-ID by 11.75-in.- 
deep, high-pressure (3000 psig) ,  s ta in less  s t e e l  canister.  However, for  t he  t e s t s  
reported herein, the canister m a x i m  pressure w a s  considerably lower than 3000 psig. 
Carbon par t ic les  were placed i n  the canister (approximately 2 / 3  f 'u l l )  . The carbon 
was dispersed within the canister by rotat ing agi ta tor  blades located i n  the upper 
portion of the  canister.  
between 214 r p m  and 2140 rpm using a variable-speed motor. 
the canister,  entraining dispersed carbon par t ic les  w i t h  it. 
through the top face of the canister a lso helped t o  agi ta te  the carbon powder 
through aerodynamic forces. 
weight f low r a t e  w a s  varied by allowing some of  the  t o t a l  argon car r ie r  f l o w  t o  
bypass the canister (see Fig. 1 5 ) .  
by changing the  rotat ional  speed of the agi ta tor  blades. 
was connected t o  the plenum of the  seeded gas inject ion duct i n  the stimulated pro- 
pellant f l o w  chamber. For the typical  carbon seed weight flow ra tes  used i n  the 
t e s t s ,  the  capacity of the canister was  suff ic ient  t o  permit t o t a l  t e s t  times of  
approximately 5 min before the carbon supply w a s  depleted. 
the separate buffer layers were a lso  connected t o  t h e i r  respective plenums i n  the 
simulated propellant flow chamber.. 
control valves, and flow metering equipment were used f o r  each system. 
ra tes  were measured w i t h  rotameters. 
The agi ta tor  blades were driven a t  a rotat ional  speed 
Argon was  passed through 
The argon entering 
The r a t i o  of t o t a l  argon weight f l o w  r a t e  t o  carbon 
The carbon weight flow r a t e  could also be varied 
The seeded argon flow l i n e  
Two argon flow l ines  for  
Individual pressure regulators, pressure gauges, 
Argon flow 
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SECTION I11 
DISCUSSION OF COLD-FLOW TESTS 
Objective 
The objective of cold-flow tests is  t o  develop a flow configuration suitable 
for  heating a gas seeded with sub-micron par t ic les  t o  a high temperature by the 
absorption of thermal radiation. 
seeded gas stream flowing i n  an annular duct, a s  i n  the reference nuclear . l ight  
bulb engine. 
layers of unseeded gas, 
seed material. 
ment of the carbon seed mass attenuation coefficient are  a lso important aspects 
of the cold-flow t e s t s .  
The desired flow configuration consists of a 
The seeded gas stream i s  separated from the duct walls by buffer 
The buffer layers prevent coating of the walls by the 
Development of a seed dispersal system (Section 11) and irrrprove- 
Preliminary Tests 
The resu l t s  of experiments discussed i n  Ref. 1 6  indicated tha t  the  use of 
porous foam across the i n l e t  region of the propellant duct i s  one method tha t  
could help minimize the amount of seed deposition on the duct walls. 
foam reduces the velocity gradients a t  the boundaries between the three flows, 
helping t o  reduce turbulent spreading of the central  seeded stream toward the duct 
w a l l .  
increase the buffer layer thickness. 
investigated using a Configuration similar t o  tha t  used in  the i n i t i a l  propellant 
heating t e s t s  and shown i n  Fig. 36 of Ref. 15. This configuration has two 0.117- 
in.-wide buffer layers and a 0.039-ine-wide seed injection annulus. 
par t icular  configuration, the foam had no beneficial  effect  on the coating of the 
walls by the carbon seed material. Seeds were deposited a t  distances greater than 
approximately 0.5 in.  downstream of the foam. 
The porous 
Another method for  minimizing the seed deposition on the duct wall i s  t o  
The combined ef fec t  of these methods was 
For th i s  
The duct geometry was modified such tha t  the width of the inner buffer layer 
was increased t o  0.234 in.  ( the outer buffer and seed annulus dimensions remained 
a t  0.117 and 0.039 in. ,  respectively). 
the inner w a l l  remained clear  for  a distance of  about 3.0 in ,  
i n  the duct i n l e t ,  th i s  distance was increased t o  approximately 5.0 in .  The wall 
adjacent t o  the 0.117-in.-wide buffer layer became coated as above i n  both cases. 
The duct geometry was modified again such tha t  the outer Oe1L7-in.-wide buffer 
layer was increased in  width t o  0.176 in.  
layer  kept the  wall clean f o r  about 0.75 in .  
the  ducts, the wall adjacent t o  the Oe234-in,-wide buffer layer was clean for  
In tests without foam a t  the duct inlet, 
When foam was placed 
Without foam, the 0.176-ine-wide buffer 
With foam in the i n l e t  regions of 
J-910900-1 
5.5 in. ,  and adjacent t o  the  0.176-in.-wide buffer layer,  the wall was clean for 
1 .5  in.  
stream veloci t ies  fo r  these t e s t s  were matched a t  about 15 ft/sec. 
The cleanliness of the walls was determined by visual inspection. The 
The r e su l t s  of these preliminary t e s t s  indicated tha t  for  thick buffer layers 
(0.234 in .  and 0.176 in . )  the  use of porous foam across the in l e t  plane resulted 
i n  reduced wall coating, while for  th in  buffer layers (0.117 in . )  the  foam had no 
noticable effect  on w a l l  coating. 
Tests with Drproved In le t  Design 
An improved propellant duct i n l e t  geometry, shown i n  Fig. 16, was designed and 
fabricated fo r  use with the d-c a rc  source. 
metry was designed t o  provide improved flow characterist ics over that used i n  the 
i n i t i a l  propellant heating t e s t s  reported in  Ref. 15. 
aerodynamics and porous foam material i n  various locations t o  aid i n  dis t r ibut ing 
the f low uniformly and t o  smooth velocity gradients. 
s t ee l  inser t s  separating the seed duct from the buffer ducts were tapered t o  knife 
edges (approximately 7-deg half-angle) . 
The i n l e t  i s  axisymmetric. This geo- 
It employs improved i n l e t  
In addition, the s ta in less  
The buffer and seed flows are  each introduced in to  the assembly through s i x  
0.25-in.-dia i n l e t  ports equally spaced around the circumference of the in l e t  
housing (Fig. 16). 
seed annulus width can be varied by replacing the par t s  labelled 1, 2, 3, and 4 i n  
Fig. 15 and by using different-sized outer fused s i l i c a  tubes. This configuration 
can be used for  hot t e s t s  w i t h  the d-c arc. 
various locations (denoted by X, Y, and Z in  Fig. 16) t o  provide flow uniformity 
and t o  smooth the velocity prof i les  a t  the propellant duct i n l e t  plane. 
i s  a photograph of  the disassembled in l e t .  
The propellant duct width, the buffer layer widths, and the 
Porous foam material was placed i n  
Figure 17 
A ser ies  of cold flow t e s t s  were conducted with a configuration having 0.394- 
in.-wide buffer layers along both the inner and outer fused s i l i c a  tube walls and 
a 0.118-in.-wide seeded-gas injection annulus. In these t e s t s ,  the buffer layers 
and seeded gas injection velocity were each 5.0 f t /sec a t  the i n l e t  plane t o  the  
t e s t  section (location Z i n  Fig. 16)* 
duct width was 2700 and the pressure i n  the propellant duct was 1.0 atm. 
The Reynolds number based on the propellant 
During some t e s t s ,  quantitative measurements were made of the wall coating 
which occurred. 
most tube (see Fig. 18 (a ) ) .  
t o  measure the l i gh t  transmitted through the t e s t  section before, during, and 
a f t e r  seeds flowed. 
(position Z ) .  
within 2 percent of the clean wall condition a f t e r  t he  seeds had been passed through 
A tungsten filament lamp was located coaxially within the inner- 
A radiometer located outside the  t e s t  section was used 
Tests were conducted w i t h  and without foam a t  the ex i t  plane 
Light attenuation of up t o  90 percent was measured w i t h  a return t o  
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the  t e s t  section. 
45 ppi (pores per l inear  inch) foam placed i n  locations X, Y, and Z. 
was steady w i t h  an attenuation of about 50 percent. 
flow was increased, w i t h  a result ing attentuation of about 85 percent. 
flow was then turned off and the l i g h t  transmitted returned t o  i t s  value a t  the 
s t a r t  of the run. 
w i t h  clean walls. 
streamers i n  the  flow (discussed i n  following paragraphs) , the radiometer attenu- 
a t ion measurements represent average values. 
tha t  includes several streamers; therefore, the attenuation within each streamer 
was greater than tha t  determined from the radiometer data (see discussion i n  
Appendix C).  
Figure 18(b) is  a typical  radiometer t race from a t e s t  w i t h  
The seed flow 
The seed 
After about 110 sec, the seed 
This value was approximately 98 percent of the transmission 
It also should be noted that ,  because of the presence of 
The radiometer was exposed t o  an area 
Figure 18 i l l u s t r a t e s  the resu l t s  obtained during a t e s t  a t  a low seed flow 
rate .  
Tests were conducted t o  determine the origin of these streamers and t o  eliminate 
them i f  possible. The seeded-gas i n l e t  was tes ted without the fused s i l i c a  walls, 
buffer flows, o r  foam across the ex i t  plane (location Z i n  Fig. 16). No streamers 
were observed under these conditions. It was concluded tha t  the seed i n l e t  i t s e l f  
was not the source of the streamers. The effect  of foam of various porosi t ies  
located i n  position Z (Fig. 16) was investigated by visual observation. 
porosity of the  foam ranged from 20 ppi t o  80 ppi. 
a l l  t e s t s .  
small pores produced very f ine  streamers. 
showed noticable accumulation of the carbon seed i n  the foam. 
this  foam was not used w i t h  th i s  configuration i n  the hot-flow t e s t s .  The accumu- 
la t ion  of seed par t ic les  within the foam might possibly be reduced by f i l t e r i n g  or  
by improved deagglomeration of the pa r t i c l e  stream. 
Figure 18(a)  i s  a photograph showing streamers i n  the seeded gas flow. 
The 
Streamers were observed during 
The foam w i t h  large pores produced coarse streamers and the foam with 
However, the foam w i t h  small pores 
For th i s  reason, 
Further t e s t s  were conducted without foam across the ex i t  plane but w i t h  foam 
a t  locations X and Ye The flow i n  the t e s t  section was not as free of disturbances 
a s  it was with foam a t  the ex i t  plane and streamers were again observed. 
porosity of the foam located in  position Y (see Fig, 16) was also found t o  influence 
the s ize  of the streamers produced. Large streamers were produced when large pore 
s ize  was used. 
upper surface was as  f a r  from the i n l e t  plane as  possible (about 1.5 i n - ) ,  the 
streaming effect  was reduced. 
reduced the streaming effect .  
The 
When the foam in  position Y was moved down i n  the i n l e t  so tha t  i t s  
Foam w i t h  f ine  pore s ize  in  t h i s  posit ion further 
It was concluded tha t  the streaming effect  which w a s  caused by foam a t  the 
i n l e t  plane of the t e s t  section might be reduced t o  an acceptable leve l  w i t h  further 
improvements of the i n l e t  geometry. 
of the t e s t s  using a two-dimensional propellant duct configuration discussed i n  
Appendix C. 
These conclusions a re  supported by the resu l t s  
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A second series of cold-flow t e s t s  were conducted using the i n l e t  configuration 
shown i n  Fig. 16. In these t e s t s ,  the orientation of the configuration was changed 
so tha t  the flow was horizontal rather than ver t ica l .  This permitted simulation of 
the orientation of the propellant duct used i n  the 1.2-megw r-f induction heater 
(see Ref. 17). The buffer layers were 0.394 in .  wide, as  i n  the d-c arc  radiant 
energy source t e s t s ,  and the seed injection annulus was 0.118 in. wide a t  the i n l e t  
plane. 
a t  the i n l e t  plane ranged from 5 t o  15 f t /sec.  
was noted. This resulted i n  a l i g h t  coating of the lower portion of the outer duct 
wall and the upper portion of the inner duct wa l l .  
f t /sec,  the s t a r t  of the  coating due t o  se t t l i ng  was approximately 7 in.  downstream 
of the foam a t  the i n l e t  plane. The par t ic les  tha t  se t t led  out represented a small 
fraction of the t o t a l  carbon weight flow. 
improved deagglomeration of the par t ic le  cloud ( i e e e ,  reduction of par t ic le  s ize)  
and/or removal of the large agglomerates. 
The average veloci t ies  of the three flows were again matched; the veloci t ies  
Se t t l ing  out of large agglomerates 
For a stream velocity of 10 
The se t t l i ng  out might be eliminated by 
A se r ies  of cold-flow t e s t s  was conducted t o  investigate the character is t ics  
of propellant ducts having thinner buffer layers than those used above. Thinner 
buffer layers are  desirable because they offer  the opportunity t o  achieve higher 
propellant bulk ex i t  temperatures. 
absorbed by the seeded portion of the propellant stream, then the bulk ex i t  tem- 
peratures w i l l  be higher when the unseeded buffer layer mass f l a w  (and, hence, the 
t o t a l  propellant stream mass flow) i s  reduced. The primary problem that  must be 
overcome i s  tha t  the thinner buffer layers must s t i l l  prevent coating of  the 
propellant duct walls by carbon seeds. 
If the  same amount of thermal radiation i s  
J 
Tests were conducted using an in l e t  configuration similar t o  tha t  shown i n  
The widths of the inner buffer layer i n l e t  annulus, the seeded Figs. 16 and 17. 
stream annulus, and the outer buffer layer annulus were 0.236 in. ,  0.059 in. ,  and 
0.236 in. ,  respectively. 
the cold-flow t e s t s  above were 0.394 in. ,  0.118 in., and 0.394 in.  
conducted w i t h  and without porous foam material across the in l e t  plane (Fig. 16). 
The average veloci t ies  of the seed and buffer flows ranged from 5 t o  15 f t /sec and 
were matched a t  the i n l e t  plane of the t e s t  section. The resu l t s  indicated tha t ,  
w i t h  the best  foam configuration, the transparent duct walls coated l i gh t ly  up t o  
a certain ax ia l  location downstream of the i n l e t  plane. Beyond th i s  point, rapid 
t ransi t ion t o  a very dark coating occurred. Under the best conditions, the location 
of th i s  t ransi t ion varied from 3 t o  5-l/2 in.  downstream of the inlet  plane. 
general, the performance of the configuration having 0.236-in. -thick buffer layers 
was not a s  good a s  the performance with thicker buffer layers (0.394 in . )  under 
similar flow conditions. 
The corresponding dimensions of the configuration used i n  
Tests were 
In 
Based on the resu l t s  of these cold-flow t e s t s ,  propellant heating using the 
d-c arc  radiant energy source was conducted using two 0.394-in. -wide buffer layers 
and a 0.118-in.-wide seed annulus with porous foam (45 ppi) located i n  the positions 
labelled X, Y, and Z i n  Fig. 16. Further e f for t s  t o  reduce the streamer effect  
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noted above were not made. 
simulated propellant heating tests rather than continue work on reducing the streamer 
effect e 
It was considered more desirable to proceed with the 
Average Mass Attenuation Coefficient Tests 
The purpose of these tests was to increase the mass attenuation coefficient 
of carbon-argon dispersions for use in simulated propellant heating tests. 
tests were conducted concurrent with the hot-flow simulated propellant heating 
tests discussed in the next section. 
until after the hot-flow tests were completed. Therefore, for the cold-flow tests 
discussed in this section and the hot-flow tests discussed in the next section, no 
measures were taken to increase the mass attenuation coefficient of the carbon seed. 
The mass attenuation coefficient can be increased by reducing the size of the carbon 
agglomerates. 
dynamic shear to the flowing dispersion (Refs. 11 and 12). 
Refs. 11 and 12, the mass attenuation coefficient was measured at specific wave- 
lengths covering a range from about 0.06 to 0.8 microns. The wavelength average 
mass attenuation coefficient as discussed here was measured over a wide wavelength 
range of about 0.22 to 2.3 microns. 
These 
However, the final results were not available 
This size reduction can be accomplished by the application of aero- 
For tests discussed in 
The attenuation of a beam of radiation passing through a particle cloud can 
be described by 
where Io is the intensity of the incident beam, I is the intensity of the transmitted 
beam, Ps is the dispersed seed density, p is the mass attenuation coefficient and 
R is the radiation path length through the cloud. The ratio I/Io is the fraction 
of the radiation transmitted, Q. The fraction of the radiation absorbed, w, is 
l--%* A more complete discussion of this relationship and the optical properties 
of particle clouds is given in Appendix A, 
With these objectives in mind, tests were conducted in which the particle clouds 
were subjected to aerodynamic shear to reduce the size of the large agglomerates. 
Aerodynamic shear was provided by passing seeded gas through an orifice made by 
drilling various-sized holes in thin sheet metal (O.OO7-in. thick). Each orifice 
tested had a single hole of the desired size in the orifice plate. 
Figure 19 is a sketch of the test arrangement. The dispersed carbon flowed 
between a tungsten ribbon lamp and a radiometer. The radiometer viewed the flowing 
carbon through a collimating tube such that a beam about 1/8-in. in diameter was 
viewed across the exit plane of the seed duct. The radiometer was located such 
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tha t  the beam viewed as close t o  the ex i t  plane as  possible. 
very l i t t l e  spreading of the seeded exhaust j e t  could occur before reaching the 
beam. 
0.426-in.-ID of the copper tube. The seeded gas exhausted in to  an exhaust vent 
located d i rec t ly  above the t e s t  equipment. 
carbon ex i t  plane. The seeded gas flowed from the seed dispersal  chamber through 
a mixing chamber t o  the o r i f i ce  (see Fig. 19). 
seed dispersal  chamber was  similar t o  tha t  used for  the propellant heating t e s t s .  
The r a t i o  of t o t a l  argon weight flow ra t e  t o  carbon weight flow r a t e  was varied by 
allowing some of the argon car r ie r  gas t o  bypass the dispersal  chmber. 
seed was dispersed in  the chamber by the aerodynamic forces exerted by the bleed 
f low through the dispersal  chaaiber. 
t e s t  was determined by weighing the seed canister before and a f t e r  each test .  A 
light-weight dispersal  system was developed specif ical ly  for  these t e s t s  so tha t  
the amount of carbon used during each t e s t  could be accurately determined. 
system i s  capable of operation a t  pressures up t o  400 ps i .  
This was done so that 
The beam width through the dispersed carbon was assumed t o  be equal t o  the 
The o r i f i ce  holder was 5 in.  below the 
The system for  flowing argon t o  the 
The carbon 
The weight of carbon seed used during each 
The 
Figure 20(a) summarizes the tes t  conditions, argon f l o w  rates,  o r i f i ce  diameters, 
and or i f ice  pressure drops employed i n  the t e s t s .  The argon f low r a t e  was selected 
t o  be the same as  flowed through one of the s i x  i n l e t  feed l ines  fo r  the seeded gas 
stream of the propellant heating configuration. 
i s  discussed i n  the following section. The carbon seed dispersion was subjected t o  
increasing shear by reducing the or i f ice  s ize  while maintaining about the same argon 
f l o w  ra te ,  thus increasing the pressure drop across successive or i f ices .  
The propellant heating configuration 
Figure 20(b) shows a data t race from the radiometer for  one of these t e s t s .  
Data traces of t h i s  type were used t o  calculate the mass attenuation coefficient 
(assumed constant for  each t e s t ) .  The t o t a l  amount of carbon used during each 
t e s t  was expressed i n  terms of an integral  of the data trace.  This integral  was 
expressed i n  terms of mass attenuation coefficient and equated t o  the measured 
weight change. The value of the mass attenuation coefficient was calculated from 
the resul t ing expression. 
de t a i l  
Appendix A discusses t h i s  calculation procedure i n  more 
Figure 21 i s  a p lo t  of the effect  of o r i f i ce  pressure drop on the mass 
attenuation coefficient.  The mass attenuation coefficient is  shown t o  increase 
from values between 1025 and 2261 cm2/g with no o r i f i ce  t o  values between 5010 
and 16,362 w i t h  a pressure drop of about 400 ps i .  
procuedure used t o  calculate these data and the  assumed constant value of j3 dwing 
each t e s t  (see Appendix A ) ,  the  calculated values in  Fig. 21 may be lower than the 
maximum values of p t ha t  were actually present during the t e s t s .  
Because of the time averaging 
Figure 22 shows electron photomicrographs of three samples taken from the 
flowing carbon dispersion a f t e r  various amounts of aerodynamic shear had been 
applied t o  them. The samples were taken by passing an electron microscope gr id  
through the flowing dispersion a t  a position about 1,O in .  above the  ex i t  plane 
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(Fig. 19) In Figs. 22(b) 
and 22(c) 
respectively. The sequence of photographs shows a trend toward decreasing agglome- 
r a t e  s ize .  The s ize  of the pa r t i c l e s  shown i n  Fig. 22(c) is  about the  same a s  those 
shown i n  Refs. U. and 12 and i s  about the same as  the nominal pa r t i c l e  diameter of 
0.012 in .  
Figure 22(a) i s  a sanple taken with no o r i f i ce  present. 
the  dispersion passed through 0,040-in.-dia and 0.020-ine-dia or i f ices ,  
2 Values of dispersed carbon mass attenuation coefficient of up t o  5O,OOO cm / g  
have been reported i n  Refs. 11 and 12. However, these were over a l imited wavelength 
range (0.1 t o  0.6 microns) i n  the region a t  which the mass attenuation coefficient 
fo r  micron-sized pa r t i c l e s  i s  a maximum with respect t o  the wavelength of the 
absorbed radiation. The wavelength-average mass attenuation coefficient reported 
here includes the attenuation of long wavelength l i g h t  (> 1.0 microns). This has 
the effect  of lowering the average value of mass attenuation coefficient over the 
wide wavelength range. 
than the values of Refs. 11 and 12. 
This accounts i n  par t  fo r  the average value being lower 
Figure 23 shows the fract ion of the incident radiation abosrbed, w, versus the 
seed density parameter, p s i ,  with B as  a parameter. The fract ion absorbed during 
these t e s t s  ranged from about 0.97 t o  0.04, with many of the p values equal t o  or 
greater than the values of 5000 cm /g used for  the reference nuclear l i g h t  bulb 
design. For a f e w  tests, both the seed density parameter and the value of @ were 
about the same as  for  the nuclear l i g h t  bulb engine. 
2 
It remains t o  be seen whether or not pa r t i c l e  reagglomeration w i l l  cause the 
mass attenuation coefficient t o  decrease a s  the seeded gas flows through a complicated 
passage such as the  propellant heating i n l e t  geometry. However, these data show 
tha t  the potent ia l  ex i s t s  fo r  an increase i n  p by a factor  of 5 or more re la t ive  t o  
the values that existed i n  the hot-flow experiments reported i n  the next section. 
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SECTION IV 
DISCUSSION OF HOT-FLOW TESTS 
Ob j ec t ives 
The objectives of the ho t - f lm  t e s t s  are t o  absorb as much a s  possible of the 
radiation incident on the propellant stream and t o  use t h i s  absorbed energy t o  
a t t a in  a high simulated-propellant ex i t  temperature. Ideally, these t e s t s  should 
be conducted i n  a geometry similar t o  the propellant duct of a nuclear l i gh t  bulb 
engine (see Fig. 2 )  a 
deposition on the transparent wall of the simulated-propellant duct. 
In addition, the geometry used should provide minimum seed 
Test Configuration 
Figure 3 i s  a sketch of the basic d-c arc radiant energy source and propellant 
heater asserribly used i n  the t e s t s .  The d-c a rc  source i s  described i n  Section 11. 
The configuration f o r  which the buffer layers reduced the simulated-propellant duct 
w a l l  coating t o  a minimum i n  the cold-flow t e s t s  (Section 111) was used for  the  hot- 
flow t e s t s .  The propellant duct consists of an annulus formed by two set's of con- 
centr ic  , water-cooled, fused s i l i c a  tubes (see Fig. 16). 
annulus was 1.69 in . ,  the outer diameter was 3.54 in. ,  and the duct t e s t  section 
length was 5.0 in .  The seed flow was introduced in to  the t e s t  section through a 
0.118-in.-wide annular s l o t .  
on both sides of the cent ra l  seeded stream through 0.394-in.-wide annulii .  
passing through the  5-in., t e s t  section, the simulated propellant stream was 
ducted through an exhaust system a t  atmospheric pressure (see Fig. 3). 
f l a w  t e s t s ,  a water-cooled exhaust calorimeter was instal led d i rec t ly  above the ex i t  
of the t e s t  section. For some of the t e s t s  the calorimeter was used t o  measure 
the power absorbed i n  the seeded simulated propellant exhaust. In  addition, various 
types of shielded and unshielded thermocouples were positioned immediately down- 
stream of the 5-in, t e s t  section and central ly  located i n  the annulus for  measuring 
loca l  temperatures. To aid i n  smoothing the velocity prof i les  and t o  provide im-  
proved f l o w  uniformity a t  the propellant duct t e s t  section i n l e t  plane, porous foam 
material (45 ppi)  was placed a t  the locations designated X through Z i n  Fig. 16. 
The inner diameter of the 
The buffer layers of unseeded argon were introduced 
After 
For hot- 
Cold-flm t e s t s  using the above in l e t  geometry indicated negligible wall coating 
when the buffer layer and seed gas injection veloci t ies  were matched a t  5.0 'ft/sec 
a t  the propellant duct t e s t  section i n l e t  plane. 
the average veloci t ies  of three para l le l  streams a t  the t e s t  section in l e t  plane were 
approximately 5 .O ft /sec It 
Consequently, i n  the hot-flow t e s t s ,  
The completely assembled hot -flaw geometry was tes ted 
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cold before use with the d-c arc heater. 
t e s t s .  The t e s t  conditions were as described above. The porous foam a t  location 
Z i n  Fig. 24 i s  shown. The seeded gas flow i s  seen separated from the  outer pro- 
pel lant  duct w a l l  by a layer  of unseeded argon. 
Figure 24 i s  a photograph of one of these 
Test Procedures 
D-C Arc 
The following sequency of events was used during a typical  t e s t :  (1) start  
motor-generators (2) turn on a l l  diagnostic and recording equipment, and se t  the 
zero-references, (3) turn on exhaust vent systems, cooling water, and gas f l a w  
and adjust t o  the desired operating conditions, (4) index the auxiliary s ta r t ing  
electrode u n t i l  it contacts the cathode, (5) act ivate  the auxiliary s t a r t e r  system, 
(6) record a l l  data a t  a par t icular  t e s t  condition, and (7) turn off arc  power 
a f t e r  completion of run. 
Simulated Propellant Flow 
The argon flow ra tes  for the two buffer flows and the seed car r ie r  f l o w  were 
turned on and adjusted. The seed car r ie r  f l a w  was i n i t i a l l y  se t  fo r  full argon 
car r ie r  bypass of the high-pressure seed canister (see Fig. 15) .  
blades were s ta r ted  rotat ing,  and the argon was then bled through the  chamber 
t o  i n i t i a t e  the carbon seed f l o w  t o  the t e s t  section. A t  the end of the t e s t  the 
argon bypass valve was opened and the flow through the canister turned off .  
The agi ta tor  
Test Sequence 
For each t e s t ,  preparations for  s ta r t ing  the d-c a rc  were made (steps 1-4 
above). 
adjusted. The recording equipment was activated,  and the d-c arc s tar ted.  After 
steady-state conditions were reached, the measurements of t h e  water and gas in l e t  
and ex i t  temperatures, the radiation t o  the radiometer, and the arc current and 
voltage were recorded (the 'before" condition). Then the seed f l o w  was s tar ted 
and adjusted f o r  the desired leve l  of attenuation, 
were reached, the t e s t  conditions were again recorded (the "during" condition). 
The seed flow was then stopped and again recordings were made when steady-state 
conditions were reached (the "after" condition). This procedure was used f o r  the 
t e s t s  where a l l  the above data were recorded. A s  discussed i n  the following sub- 
section, for  some t e s t s  
during, and a f t e r  seeds were flawing. The average carbon seed weight flaw r a t e  
was estimated by measuring the t o t a l  t e s t  time during which seeds were flawing, 
and by weighing the carbon i n  the seed dispersal  system before and a f t e r  the t e s t  
was conducted. 
The gas flows for  the simulated propellant stream were turned on and 
After steady-state conditions 
only radiation attenuation measurements were made before, 
The argon weight flow was 0.030 lb/sec (see Table I) and seed 
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weight f lm was estimated t o  range between 5 and 16 percent of the argon weight 
f l m  (a value of 10 percent, or 0.003 lb/sec, was used i n  reducing the data) e 
Results of Hot -Flow Propellant Heating Experiments 
Radiation, Thermocouple and Calorimeter Measurements 
Hot-flow t e s t s  were conducted a t  increasing d-c arc  radiant energy levels ,  and 
increasing simulated propellant radiation attenuation levels.  High-speed color 
movies of several  hot-flow t e s t s  were a l so  taken t o  provide information on the hot- 
f l o w  f lu id  mechanics phenomena. Analysis of portions of the f i lm indicated d is -  
t i n c t  ax ia l  streamer formation and some axial  acceleration as  the streamers flowed 
upward. In  a l l  the  hot-flow t e s t s ,  an aperture was placed between the radiometer 
and t e s t  section. The radiometer viewed a 1.0-in. x 1.26-in. rectangular area of 
the t e s t  section location about 2.5 in .  downstream of the in l e t  foam (see Figs. 3 
and 9 ) .  
heating t e s t .  
d-c arc  source taken before, during, and a f t e r  the seeded stream was flowing. 
A l l  the photographs were taken using Polaroid Type 57 (ASA 3000) film a t  f/32 aper- 
tu re  se t t ing  and 1/200-sec shutter speed with a 3.0 neutral  density f i l t e r .  
noted i n  the cold-flow t e s t s  are  barely v is ib le  i n  the  middle photograph. 
Figure 25 i l l u s t r a t e s  the resu l t s  from one typical  hot-flaw propellant 
Figure 25(a) i s  a sequence of photographs of the t e s t  section and 
Streamers 
Figure 25(b) i s  the corresponding radiometer t race.  The percent radiat ion 
transmitted i s  determined by the r a t i o  of the t o t a l  radiation transmitted through 
the t e s t  section with seeds flowing divided by the t o t a l  radiation transmitted 
through the t e s t  section without seeds flowing. A s  indicated i n  Figure 27(b) the  
seed f l o w  was in i t i a t ed  approximately 10 sec a f t e r  the arc  was in i t ia ted .  The seed 
f l o w  was then adjusted f o r  approximately 35-percent radiation transmission as mea- 
sured by the radiometer. After about 68 sec, the seed flow was turned off and the  
radiometer t race returned t o  within 1 percent of the value a t  t he  start of th i s  
t e s t .  
la ted propellant i n  the t e s t  section ranged from 5 percent (a large amount of ab- 
sorption) t o  95 percent. 
transmitted through the t e s t  section returned t o  within 2 percent of the i n i t i a l  
value. The fluctuations i n  the radiometer output as i l lus t ra ted  i n  Figure 25(b) 
during seed operation was typical  of the t e s t  resu l t s  and are  a t t r ibuted t o  
fluctuations i n  the seed flow. 
In hot-flow t e s t s ,  the percent radiation transmitted through the seeded simu- 
After the t e s t s  with large seed f l o w  ra tes ,  the radiation 
Figure 25(c) shows the t e s t  conditions and resu l t s  corresponding t o  the photo- 
The loca l  temperature measured graphs and radiometer t race  i n  Figs * 25(a) and (b) * 
using an aspirating radiation-shielded type chromel/alwnel thermocouple (see Figs e 
13 and 14) was 1930 R a t  a point approximately mid-radius i n  the propellant duct 
ex i t .  This thermocouple was i n  the axial position (see Fig. 12). 
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The bulk temperature a t  the propellant duct ex i t  determined from calorimetric 
measurements (including the exhaust gas calorimeter exhaust vent, and other asso- 
ciated water-cooled components) was 1169 R (see Section I1 for  calorimeter des- 
c r ip t ion) .  This i s  about 40 percent l e s s  than the loca l  temperature measured with 
the thermocouple a t  a point halfway across the propellant annulus a t  the  ex i t  plane. 
The loca l  temperature dis t r ibut ion across the  ex i t  plane of the propellant duct i s  
not known and may not necessarily be symmetric. 
sured by the thermocouple i s  not necessarily the maximum loca l  temperature i n  the 
seeded propellant stream. 
ex i t  f o r  t h i s  case, a s  determined from the  radiation attenuation measurements, was 
1335 R. 
Therefore, the temperature mea- 
The value of the bulk temperature a t  the propellant duct 
This i s  i n  reasonable agreement with the calorimetric measurement (1169 R ) .  
Figure 26 shows the calorimetric energy balance corresponding t o  the t e s t  con- 
di t ions shown i n  Fig. 25(c).  
were flawing are  shown for  the various components included i n  calorimetric deter- 
mination of the simulated propellant bulk ex i t  temperature. The change i n  power 
with seeds flawing for the various components i s  a lso shown. The absorbed pawer 
change of the components which contact the hot propellant stream i s  approximately 
balanced by the decrease i n  radiation transmitted through the  simulated propellant 
duct t o  the radiometer. 
The power dis t r ibut ions before, during and a f t e r  seeds 
Figure 27 swnmarizes data from the hot-flow propellant heating t e s t s .  The 
propellant streambulk ex i t  temperature a t  the end of the 5-in. t e s t  section i s  
shown versus the t o t a l  radiation incident on the propellant stream i n  the t e s t  
section. The sol id  l i nes  are  l ines  of constant f ract ion of the t o t a l  incident 
radiation that i s  transmitted through the seeded propellant stream. 
Limitat ions i n  Measurement Techniaues 
It i s  important t o  understand the uncertainties i n  the data shown i n  Fig. 27 
resul t ing from limitations of the measurement techniques available when these t e s t s  
were made. A t  temperatures up t o  about 2000 t o  2500 R ,  the radiometer, exhaust-gas 
calorimeter, and thermocouple measurements bore a consistent re la t ion t o  each other. 
A t  higher temperatures, the thermocouples and exhaust-gas calorimeter could no 
longer be used e Attempts were made t o  use tungsten/tungsten-rhenium thermocouples 
(rated for  usage up t o  about 4600 R ) ;  however, no meaningful measurements could be 
obtained, due i n  par t  t o  t h e i r  b r i t t l eness  and inab i l i t y  t o  remain in tac t  i n  the 
particle-laden stream (some chemical reaction with the hot carbon par t ic les  may 
have also introduced er rors )  Several other thermocouples, including an eroding- 
junction type, were also t r i ed  (see Fig. 13).  
unusable a t  these higher temperatures because the arc could be operated only for  
short run times ( less  than 15 sec) due t o  fused s i l i c a  tube cooling l imitations;  
hence, insuff ic ient  time was available during a run for  complete steady-state con- 
di t ions t o  be reached, 
needed for  future propellant heating t e s t s  where higher temperatures are  expected. 
A preliminary investigation aimed a t  development of improved measurement techniques 
The exhaust-gas calorimeter was a l so  
Further development of these measurement techniques i s  
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for  hot argon streams seeded with carbon par t ic les  was in i t ia ted .  
of these preliminary t e s t s  a r e  discussed i n  Appendix D. 
The resu l t s  
Temperature Calculations, Comparisons, and 
Sources of Possible Error 
In  view of the measurement technique l imitations a t  the higher temperatures, 
a l l  data i n  Fig. 27 were reduced using the radiometer measurements. Referring t o  
Fig. 27, measurements t o  determine the t o t a l  radiation incident on the propellant 
stream were re la t ive ly  straightforward; hence, the locations of the data point 
along the abscissa a re  believed t o  be quite accurate. The locations along the 
ordinate --- the propellant bulk ex i t  temperature --- were calculated i n  the  
following manner. F i r s t  , the t o t a l  amount of radiation absorbed i n  the simulated 
propellant stream was determined from the  radiometer measurements a t  the location 
shown i n  Fig. 3 with or without the seeds flowing. It was assumed tha t  the fract ion 
of radiation absorbed was constant over the en t i re  5-in. t e s t  section. Losses due 
t o  absorption i n  the fused s i l i c a  tubes and i n  the cooling water were taken into 
account, and it i s  believed that  the result ing values of radiation absorbed i n  the 
propellant stream were f a i r l y  accurate. Next, a propellant bulk temperature r i s e  
was calculated, assuming t h a t  the enthalpy increase was equal t o  the absorbed radia- 
t i o n  minus an estimate of heat lost  t o  the duct walls (3 t o  5 percent of the  absorbed 
radiation for  these t e s t s )  .* 
from the hot propellant. 
specific heat of carbon with temperature (from about 0.12 a t  the  i n l e t  temperature 
t o  about 0.48 Btu/(lb-deg R )  a t  4000 R; the corresponding increase i n  the t o t a l  
specific heat of a l l  argon and carbon flowing i n  the propellant duct i s  about 20 
percent). This calculated bulk temperature r i s e  was then added t o  the i n l e t  tem- 
perature (530 R )  t o  obtain the propellant bulk ex i t  temperature shown on Fig. 27. 
A s  indicated by the synibol key, different symbols indicate various ranges of 
radiation transmitted. Several other assumptions of secondary importance were made, 
a l l  of which were llpessimisticll (leading t o  underestimation of bulk temperature) 
i n  nature.** 
synibols and calculating the l ines  of constant f ract ion of radiation transmitted. 
The calculation neglected losses due t o  reradiation 
It did, however, take in to  account the variation of the 
This procedure., then, was used i n  plot t ing the data shown wi th  open 
Calculations of the bulk ex i t  temperature were made using a simplified computer 
model of the heated flow i n  the duct from the i n l e t  t o  the ex i t  with an estimate 
of the reradiation l o s t  from the simulated propellant stream. It i s  assumed i n  th i s  
* This calculation probably overestimated the heat lost t o  the walls since the 
temperature i n  the f lm a t  the wall  was assumed t o  be the bulk temperature. 
*One assumption was tha t  reradiation from the propellant d i d  not affect  the radio- 
meter measurement used t o  determine the amount of incident radiation absorbed by 
the propellant. This assumption i s  reasonable considering a l l  factors (the temper- 
ature at  the  s ta t ion  where the radiometer measurements are made, the spectral  
dis t r ibut ion of the reradiation, the f ised-si l ica  and cooling water cut-offs ., e t c  ) 
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model that the propellant stream reradiates l i ke  a black body a t  the  loca l  bulk 
temperature. A s  i n  the  previous calculation, an estimate of the  convective heat 
loss t o  the duct walls was included, assuming tha t  the temperature i n  the flow 
a t  the w a l l  was the loca l  bulk temperature, Specific resu l t s  for the three high- 
e s t  power data points are  shown by the  sol id  symbols i n  Fig. 27. A more detailed 
discussion of the way i n  which the simulated propellant bulk ex i t  temperature was 
determined from the radiometer measurements i s  given i n  Appendix B.  Insufficient 
information i s  presently available t o  evaluate the accuracy of t h i s  reradiation 
correction. 
the effect  of the r e f l ec t iv i ty  of the lower par t  of the calorimeter housing which 
shrouds the upper portion of the t e s t  section (see Fig. 3) on the bulk ex i t  tempera- 
t u re  was not included in  the above calculations. 
i n  a decrease i n  the net radiation loss from the propellant and an increase i n  the 
propellant stream exi t  temperature above tha t  i s  shown i n  Fig, 27 (sol id  symbols). 
Seconds the seed weight flow r a t e  may have been greater than 10 percent of the  
argon weight f l o w  r a t e  for  the t e s t s  with low transmission through the seeds. This 
could produce a large number of opt ical  path lengths i n  the propellant stream. 
This would mean tha t  the  effective reradiating temperature might be considerably 
l e s s  than the bulk temperature, which would also resu l t  i n  an overestimate of the 
radiation correction. However, it i s  possible that the temperature of the seeded 
portion of the stream i s  greater than the bulk temperature; t h i s  would lead t o  an 
underestimation of radiation losses and an overestimation of convected bulk 
temperature, 
was about the same as  the bulk temperature, 
There a re  two reasons why t h i s  correction might be too large. F i r s t ,  
This r e f l ec t iv i ty  would' resu l t  
In  separate t e s t s  discussed i n  Appendix D ,  measurements were made on 
2 a seeded stream i n  which the resul t ing equivalent black-body radiating temperature 
Based on the resu l t s  presented i n  Fig. 27 and the previous discussion, it i s  
concluded that the highest propellant bulk ex i t  temperatures achieved were between 
approximately 3000 t o  4000 R. 
tu res ,  it i s  inferred tha t  loca l  temperatures i n  the duct are  substantially higher 
than the bulk temperatures e 
Based on thermocouple measurements a t  luwer tempera- 
Figure 28 shows a plot of the loca l  simulated propellant ex i t  temperature mea- 
sured by thermocouple versus the radiation incident on the propellant stream. The 
upper bound f o r  thermocouple measurements indicated by the dashed l i n e  on Fig. 27 
i s  shown here for  comparison. 
high radiation error  i s  suspected; therefore, the l ine  i s  drawn as  shown. Figure 
29(a) i s  a p lo t  of the loca l  temperature measured by the thermocouple versus the 
radiation absorbed by the propellant stream. The sol id  l ine  corresponds t o  the 
variation of calculated bulk ex i t  temperature w i t h  radiation absorbed. The location 
of t h i s  l ine  was calculated i n  the same manner used for  the determination of the 
bulk ex i t  temperature based on the radiometer measurements discussed above. The 
r e su l t s  show that the temperatures corresponding t o  points w i t h  l e s s  than 0.20 T 
f a l l  below the bulk temperature while those with larger fractions of radiation trans- 
mitted correspond to those data points above the bulk temperature, 
The very high data point i s  a value f o r  which a 
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Local temperature measurements are d i f f i c u l t  using thermocouples i n  a high- 
temperature, l o w  velocity seeded gas stream. These d i f f i cu l t i e s  are  further 
aggravated by the p a r t i a l  exposure of the thermocouple t o  a high in tens i ty  radia- 
t ion  f i e ld ,  The radiation effect  i s  further complicated by the f ac t  t ha t  the 
presence of streamers and fluctuations i n  the seed f l o w  could change the loca l  
seed density near the thermocouple during each t e s t .  
Figure 29(b) summarizes the factors that  may af fec t  temperature measured using 
thermocouples. The l o w  velocity gas stream resu l t s  i n  a thermal boundary layer 
which causes the temperature a t  the thermocouple junction t o  d i f f e r  from tha t  of 
the free-stream gas temperature Tw. 
par t ic les  changes the heat t ransfer  t o  the thermocouple. In particular,coating of 
the thermocouple junction a l t e r s  the response time and the accuracy of the thermo- 
couple temperature measurement. Carbon coating of the thermocouple junction would 
probably cause the temperature indicated by the thermocouple t o  be lower than the 
loca l  gas temperature, and would a l so  cause an increase in  response time. Various 
amounts of thermocouple coating were observed t o  have occurred during the simulated 
propellant heating t e s t s .  A s  shown i n  Fig. 29(a) for the t e s t s  with l o w  radiation 
transmission (heavy seed flow),the thermocouples read lower than the  bulk tempera- 
ture .  Perhaps for  these t e s t s  the error  caused by seed coating was large enough 
t o  cause the l o w  measurements. The immersion length of the thermocouple stem 
into the  gas stream a lso  affects  the accuracy of the thermocouple measurement. For 
a gas as hot as  the simulated propellant stream, heat conduction along the stem 
can cause large errors  i n  the loca l  temperature measurements by thermocouple. This 
type of error  would cause a low thermocouple reading. Stem heat conduction e r rors  
can be reduced by having a long stem immersion length (L/D > 40);  for  t h i s  reason, 
the ax ia l  thermocouple was used i n  most of the t e s t s  (see Fig. 12).  
Coating of the thermocouple by solid seed 
The exposure of the thermocouple junction t o  radiation also causes an error  
i n  the gas temperature measured by the thermocouple. The error  caused by radia- 
t ion  heat t ransfer  i s  complicated by the effect  of reradiation from the thermo- 
couple t o  i t s  surroundings, and by the effect  t ha t  seed coating would have on the 
absorption and emission character is t ics  of the thermocouple. Figure 30 i l l u s t r a t e s  
the effect  of radiation on the thermocouple measurement. It w i l l  help t o  put the 
resu l t s  shown in  Fig. 30 i n  perspective by discussing some of the l imiting values 
that  the ordinate of the graph could have for  various seeded gas opt ical  thicknesses 
and rad ia l  positions 
transparent) flowing gas transmitting radiation, the temperature remains uniform 
(neglecting boundary layer e f fec ts )  as  it flows through the radiation f i e ld ,  A t  
the other extreme an opt ical ly  thick gas has a l inear  temperature prof i le ,  highest 
on the side with the incident radiation and lowest on the side away from the inc i -  
dent radiation, Returning t o  Fig. 30 for  the opt ical ly  th in  case (7, .-) 1 ) the 
ordinate should approach zero as  the fraction transmitted (abscissa) approaches 
This i s  because any loca l  measurement w i l l  approach the bulk temperature, since 
i n  the l i m i t ,  the temperature i s  uniform. For the opt ical ly  thick case (7, -, 0)  
i f  the lowest temperature i s  taken t o  be 530 R it can be shown tha t  the ordinate 
could range from about -0.85, i f  the thermocouple measured the loca l  temperature on 
For a uniform temperature, opt ical ly  th in  (approaching 
1. 
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the  unheated s ide,  t o  about +1.=5, i f  the thermocouple measured the  loca l  tempera- 
ture  on the heated side of the seeded stream. Therefore, an envelope containing a l l  
possible points on t h i s  plot  would converge toward zero a t  vT = 1.0 from e i the r  
+le=? or -0.85 and % = 0. The trend of the points is  clear ly  not t m a r d  zero as  
raaiat ion e r rors  as the transmission of the  simulated propellant stream increases. 
The important point from Fig. 30 i s  the consistent trend. The location of the 
points a t  l o w  and intermediate transmission i s  plausible in  l igh t  of the above 
discussion. The ent i re  set  of thermocouple data i s  subject t o  a l l  the  errors d i s -  
cussed; however, the radiat ion error  seems t o  become dominant as the transmission 
increases. 
41.0 as  it should be ideally.  This i s  interpreted a s  being due t o  increasing 7, 
Figure 31 i s  a comparison of the simulated propellant bulk ex i t  temperature 
measured by the calorimeter with the calculated bulk ex i t  temperature. These data 
are  plotted versus the radiation absorbed a s  measured by the radiometer. 
the bulk temperatures as  measured by the calorimeter a r e  below the so l id  curve. 
The agreement i s  f a i r l y  good; most of the points f a l l  within 25 percent of t h e i r  
calculated curve. The calorimeter i s  subject t o  losses by conduction and convection. 
Also the thermocouples measuring the water cooling ex i t  temperatures were located 
as close t o  the exi t  of the calorimeter a s  was pract ical .  
Most of 
However, i n  some cases several feet  of connecting hose was present between the 
thermocouple and the calorimeter elements water cooling ex i t .  Thus, some energy 
could be lo s t  i n  these hoses, resul t ing i n  the low terrrperatures obtained. 
Figure 32 i s  a p lo t  of the fract ion of t he  radiation attenuated by the  s i m -  
ulated propellant stream versus the radiation attenuation parameter e The fract ion 
of the radiation absorbed ranges from 0.96 t o  0.03. 
l igh t  bulb engine, as  s h m  as the so l id  t r iangular  synibol, i s  0.95. The radiation 
attenuation parameter was  calculated from the relationship shown i n  Fig. 32. 
The design value for  the  nuclear 
Summary and Conclusions 
In terms of the objectives of t h i s  portion of the  program, the propellant 
heating r e su l t s  using the  d-c a rc  source a re  encouraging, Simulated propellant 
bulk ex i t  temperatures i n  the  range of 3000 t o  4000 R have been obtained, with 
the  buffer layer  flows successfully minimizing the  coating of the duct wall by the  
carbon seed. 
determined by p a r t i a l  vaporization of the foam a t  the  i n l e t s  and by cooling l i m t t a -  
t ions  on the  f’used s i l i c a  tube adjacent t o  the a rc  column. For future t e s t s ,  the 
a rc  source w i l l  be operated a t  higher power for shorter run times (several seconds) 
and w i l l  provide greater than 100 lsw of radiant energy, By using higher a rc  powers 
and making use of the increased mass attenuation coefficients t ha t  have been demon- 
s t ra ted ,  it should be possible t o  obtain significant increases i n  the  bulk ex i t  
temperatures re la t ive  t o  those reported herein. Current estimates indicate that 
bulk ex i t  temperatures approaching 6500 R a re  a t ta inable  within the next year, 
The maximum paver at  which the  a rc  was operated in  these t e s t s  was 
J-giogoo-1 
Further development of measurement techniques to determine the heat content and 
local temperature of hot, luw velocity, seeded gas streams is required, particularly 
for use in the temperature range from 4000 to 7000 R. 
consideration include shielded aspirating thermocouples, a fast response-time 
calorimeter, and various types of sampling probes. 
tests to date which would prevent attainment of a bulk exit temperature equal to 
that in the reference engine after development of the required test equipment, 
Possible techniques for 
No evidence has been found in 
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APF"DIX A 
OPTICAL PROPERTIES OF PARTICLE CLOUDS 
In traversing an absorbing-scattering medium, such as a cloud of par t ic les ,  
a beam of radiant energy i s  attenuated due t o  absorption and scattering. Absorp- 
t i on  i s  the removal of energy from the beamby dissipative processes within the 
medium. Scattering in  t h i s  discussion includes the  combined processes of ref lect ion,  
refraction, and diffraction. 
The fract ional  decrease i n  the intensity of a monochromatic beam, Ih, i s  
proportional t o  the distance traveled by the beam, dA, or 
In the absence of scattering, the constant Kh i s  defined as  the attenuation coeffi-  
c ient ,  KaSh ;  i n  the absence of absorption it i s  defined a s  the scattering coeffi-  
c i en t ,  
Kh i s  defined as the t o t a l  attenuation and extinction coefficient,  Ke,h and i s  equal 
t o  the sum of K 
I f  both absorption and scattering take place i n  the medium, then the 
and K a 9 h .  
s 9h 
The character is t ics  of an absorbing and scattering medium can be expressed i n  
i s  the  sum terms of the monochromatic mass extinction coefficient be,X9 where b 
of ba9h and bs,h9 the monochromatic mass absorption and scattering coefficients,  
respectively. 
e 9 1  
Equation (A-1)  can be integrated i f  the medium i s  homogeneous: 
where I 
Ih i s  the intensi ty  of the beam of radiation leaving the par t ic le  cloud ( i n  the 
same direction as Io9h), ps i s  the density of the dispersed seed material, and 
R i s  the radiation path length through the cloud. 
i s  the intensi ty  of a beam of radiation incident on the par t ic le  cloud, 
o,h 
Part ic les  of different sizes have different values of scat ter ing and absorbing 
properties a t  the same wavelength of radiation, and the same s ize  par t ic les  have 
varying properties fo r  each wavelength of radiation. 
by solid par t ic les  may be calculated theoret ical ly  using Maxwell's equations. 
solution depends on the following dimensionless quantit ies:  the r a t i o  of the 
characterist ic par t ic le  dimension t o  the wavelength of the radiation, the complex 
refract ive index, and the par t ic le  shape, The rigorous solution of Maxwell's 
The attenuation of radiation 
The 
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equations fo r  the case of a plane wave incident on a homogeneous spher was obtained 
by Mie (Ref e 13) e 
f o r  machine calculations i s  given i n  Ref. 18. 
Ref. 4 t o  calculate the opt ica l  properties fo r  spherical  par t ic les  as  a f'unction 
of the radiat ion wavelength and pa r t i c l e  radius for  fif teen types of small spheri- 
c a l  par t ic les  
A transformation of the basic  Mie equations t o  a form sui table  
This transformation was used i n  
Materials such as  tungsten and carbon are  of in te res t  a s  seed materials i n  
the nuclear l i gh t  bulb engine research program. Experimental measurements of the  
absorption and scat ter ing character is t ics  of clouds of these materials have been 
reported i n  Refs. 9 through 12. 
In the absence of op t ica l  interference between par t ic les ,  the monochromatic 
mass absorption coefficient and the monochromatic mass scattering coefficient a r e  
the sum of the contributions of par t ic les  of a given size;  therefore, 
and 
(A-4 1 
where p (r) i s  the density of par t ic les  of radius r and b a j h ( r )  and b 
monochromatic mass absorbing and scattering coefficients for  each s i ze  par t ic le .  
The conditions under which opt ica l  interference between par t ic les  can be neglected 
has been c i t ed  a s  a center-to-center separation distance on greater than three 
par t ic le  r a d i i  (Ref. 19). 
(r) are the  
S s , A  
The monochromatic extinction of a cloud of different-sized par t ic les  can be 
expressed as  
The t o t a l  extinction can be expressed as 
(A-5 1 
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A s  discussed previously, the loss of radiant energy from a beam of radiant 
energy transmitted through a medium i s  equal t o  sum of losses due t o  absorption 
and scattering. I f  the radius of par t ic les  i n  the medium are  of the order or 
larger than the wavelength of the l i gh t  passing through the medium, most of the 
radiation i s  scattered i n  the forward direction (Ref. 20).  
t i on  can be considered t o  be par t  of the radiation actual ly  transmitted, Thus, 
the attenuation i s  primarily due t o  absorption within the medium, and 
This scattered radia- 
(A-7) 
If ba,A i s  independent of wavelength, then Eq. (A-7)  can be integrated t o  obtain 
For the t e s t s  discussed i n  Sec t ion  111, which were directed a t  increasing the 
mass attenuation coefficient B ,  Eq. (A-8)  was used t o  calculate f3 from the measure- 
ments made. 
path length 4. 
with and without seeds flawing (Fig. 3) .  
on the t e s t  setup. 
duct. 
The measurements were of the r a t i o  I/Io, the seed density ps and the 
I/Io was obtained by measuring the  radiation reaching a radiometer 
Refer t o  Sec t ion  I11 for  a discussion 
The path length was assumed t o  be the width of the seed flow 
Figure 20 i s  a typical  data t race of the l i gh t  transmitted t o  the radiometer. 
The fluctuation of the t race was accounted for  i n  the following manner: 
was assumed tha t  the value of t3 was constant during each t e s t ,  tha t  the seed 
volume flow r a t e  was the same as  the argon volume flow ra t e ,  and tha t  the seed flow 
was homogeneous; (2)  subject t o  these assumptions, fluctuations in  the data t race 
are  due only t o  changes i n  seed density. The seed density as  a f inct ion of time 
i s  then 
(1) it 
(A-9 I 
This can be related t o  the t o t a l  amount of seed and the B t o  be solved fo r ,  yielding 
the following expression: 
(A-10)  
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where M 
i s  the argon density, and t i s  the t e s t  t h e .  The in te -  the  mass of seed used, p4 
g r a l  was evaluated numerically using Simpson's ru le ,  and the valu 
A s  discussed i n  Section 111, the maximum value of B was 16,362 cm /g. 
is  the argon car r ie r  weight f l m  (held constant during each t e s t ) ,  AW i s  A 
of 13 calculated. 8 
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APPENDIX B 
CALCULATION OF SIMULATED PROPELLANT 
STREAM BULK EXIT TEMF’EZATXkX 
A s  discussed i n  Section I V  of t h i s  report ,  the response of the thermocouples 
and the calorimeter was not fast enough t o  be compatible with high-power, short- 
run-time operation of the d-c arc.  
than 6 see) was not possible without r i s k  of damage t o  the t e s t  equipment, due t o  
water-cooling l imitations of the inner fused s i l i c a  walls (see Fig. 3).  
ly, for  the high power t e s t s ,  the  amount of power deposited i n  the simulated pro- 
pellant stream was determined from radiation attenuation measurements. A s  shown 
i n  Fig, 3, the radiometer viewed a 1.0-in.-high by 1.26-ine-wide portion of the t e s t  
section. The center of t h i s  viewed portion was 2.5 in .  from the beginning of the  5-in.- 
long t e s t  section. 
t i on  incident on the simulated propellant stream was measured with the radiometer before 
seeds were flowing, while seeds were flowing, and for most t e s t s ,  a f t e r  seeds were 
flowing. The amount of radiation attenuated by the propellant stream, TA, was 
obtained from these radiometer measurements. The radiation attenuation can be 
at t r ibuted t o  absorption, since par t ic le  clouds similar t o  those used as  the  sirnu- 
la ted propellant have been shown t o  scat ter  l igh t  mainly i n  the forward direction 
(Refs e 1-9 and 20).  
High power tes t ing  with long run times (greater 
According- 
Based on the  radiation cal ibrat ion measurements, the t o t a l  radia- 
Interpretation of the radiation attenuation measurements i s  complicated by 
the presence of streamers of dense seed flow separated by regions of l igh ter  seed 
f l o w  (Fig. 18). 
TT i n  the region viewed. For the t e s t s  with heavy seed flows, fractions absorbed 
of up t o  0.96 were obtained. This corresponds t o  an average opt ical  thickness of 
about 3 for  the simulated propellant stream. Due t o  the presence of streamers, 
t h i s  means tha t  there must have been regions of much higher opt ical  thickness 
(>>3) within the streamers, while between them there  were regions of lower opt ica l  
thickness. For very heavy seed flows (large TA) ,  it was observed tha t  the pro- 
pellant flow was made up of wide streamers, w i t h  narrow regions of l igh ter  seed 
f l o w  separating them, 
the radiation transmitted through the  simulated propellant probably came through 
i n  the narrow regions of l i gh te r  seed flow, while the regions of heavy seed flow 
attenuated essent ia l ly  a l l  the radiation incident on them. 
The radiometer measurements, therefore,  yield an average value of 
Therefore, under the conditions of heavy seed f l o w ,  most of 
If the cloud of par t ic les  i n  the simulated propellant stream was homogeneous, 
one would expect the absorption by the seeded gas t o  decrease as the f l o w  was 
heated, because thermal expansion would cause the gas and seed density t o  decrease, 
However, i n  accordance with the above discussion, it appears t ha t  the simulated 
propellant stream was not homogeneous and that most of the  transmission through the 
simulated propellant was i n  the regions of l igh ter  seed flow. In  t h i s  case the 
effect  of expansion of the gas due t o  heating might decrease the local  seed density, 
43 
But since it was very high t o  begin with i n  the streamers, t h i s  expansion may not 
have increased the transmission through the  streamers appreciably. 
t o t a l  change in  transmission of the simulated propellant, due t o  density changes, 
i s  dependent upon how much of the seed flow i s  f i l l e d  with streamers. 
about the possible decrease of absorption due t o  thermal expansion of the heated 
gas i s  greatest  for  those t e s t s  i n  which large temperature r i s e s  occurred. How- 
ever, the largest  temperature r i s e s  were obtained for t e s t s  with heavy seed floiis 
(large attenuation) and, therefore, heavy streamers. In  l i gh t  of the above dis-  
cussion, the attenuation measured a t  the cent ra l  portion of the propellant duct i s  
considered t o  be representative of the average attenuation along the en t i re  t e s t -  
section length. 
Thus, the 
The concern 
The measured attenuation was used t o  calculate the amount of radiation absorbed 
by the propellant stream. The amount of radiation absorbed was calculated by ex- 
pressing the attenuation as a fract ion of the incident radiation absorbed, TIA, 
and multiplying the t o t a l  measured radiation incident on the propellant stream 71A. 
The simulated propellant stream temperature r i s e  was then calculated based on this  
amount of t o t a l  radiahion absorbed. 
increase the enthalpy of the simulated stream, some is l o s t  t o  the propellant duct 
walls, and i f  the terrrperature i s  high enough, some is  l o s t  be reradiation from the 
propellant stream. The simulated propellant ex i t  temperature was calculated by two 
methods. The f i r s t  method included only the effects  of the absorbed radiation on 
the simulated propellant enthalpy r i s e  and an estimate of the heat loss t o  the duct 
walls. The second method included an estimate of the energy lo s t  by reradiation. 
The heat l o s t  t o  the duct walls was calculated using a relationship similar t o  tha t  
used t o  calculate the heat load t o  the propellant duct walls of the nuclear l igh t  
bulb reference engine (Ref a 21). The relationship used was 
O f  the radiation absorbed, some serves t o  
where 
w i d t h , j P  i s  the t o t a l  simulated propellant weight flow , C i s  the specific of the 
simulated propellant mixture, S t  i s  the Stanton number, T i s  the simulated pro- 
525 R ) .  In  Eq. (B-1) the variation of the f lu id  properties with temperature was 
accounted fo r  i n  calculating the Stanton number. The Stanton number was obtained 
using the following correlation which i s  the same as tha t  used i n  R e f .  20: 
i s  the heat l o s t  t o  the duct wallss L i s  the ax ia l  length, H is  the duct 
P 
pellant bulk temperature, and Tw i s  the duct w a l l  tempera f ure (assumed constant a t  
where Pr i s  the Frandtl number and Re i s  the Reynolds number. 
r i s e  of the simulated propellant stream i s  
The t o t a l  enthalpy 
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H p z M p C p ( T 1  -TE) (B-3) 
The heat absorbed is  equal t o  the sum of s, and H : 
P 
Q A =  Q,+ H p  
The heat absorbed was assumed t o  be deposited uniformly along the duct length, 
duct was divided in to  100 equal-length intervals along i t s  ax ia l  length and Eq. 
(B-4) was applied t o  each interval .  The bulk ex i t  temperature for  each interval  
was calculated; this ex i t  temperature was then taken as the in l e t  temperature of 
the next interval.  In  t h i s  way, the temperature r i s e  of the simulated propellant 
was calculated as it flowed down the duct. The solid curve on Fig. 33 shaws the 
resu l t  of t h i s  calculation for  the highest pawer data point of the t e s t s  reported 
i n  Section I V .  
The 
When reradiation correction i s  included, Eq. (B-4) b, pc ome s 
where Qm i s  the  energy reradiated by the simulated propellant stream. 
amount of the  reradiation depends on the par t ic le  s ize ,  shape, and temperature. An 
upper bound on t h i s  reradiation can be obtained by t reat ing the propellant as 
reradiating l i k e  a black body. Then QRR is 
The actual  
where 0 i s  the Steffan-Boltzmann constant, A i s  the radiating surface area, and T 
i s  the black-body radiating temperature The black-body radiating temperature was 
taken as  the loca l  simulated propellant bulk temperature. This i s  another assump- 
t ion  that  serves t o  overestimate reradiation because, for  the t e s t s  where reradiation 
might be important, the  majority of the gas had opt ical ly  thick streamers i n  it e 
For an opt ical ly  thick gasg the  effective reradiating temperature is  lower than the  
bulk temperature. The radiating surface was assumed t o  be 0.078 in.  from the outer 
duct w a l l .  The resu l t s  of the calculated temperature r i s e  with reradiation correc- 
t i on  i s  shown i n  Fig. 33 as the dashed l ine .  The effect  of reradiation i s  pa r t i a l ly  
counteracted by the presence of ref lect ing metal par ts  outside the  simulated propel- 
l an t  duct over i t s  last  1,625 in , ( see  Fig, 3).  
par ts  was not considered i n  the calculation of the  reradiation, The actual  simulated 
propellant bulk ex i t  temperature l i e s  between these two limits,between 
The presence of these ref lect ing metal 
the temperatures 
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calculated as  discussed above. 
which simulated propellant bulk ex i t  temperature can be measured. 
directed a t  fur ther  understanding of the d i f f i cu l t i e s  encountered for  measuring 
the simulated propellant ex i t  temperatures are  discussed i n  Appendix D. 
More research i s  required t o  develop techniques by 
Some t e s t s  
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APPENDIX C 
SUPPORTING FIOW VISUALIZATION TESTS USING A TWO-DIMENSIONAL CHANNEL* 
Supporting experiments were conducted using a two-dimensional channel t o  
investigate the effectiveness of porous foam as a flow straightener. 
configuration consisted of a two-dimensional duct i n  which the entrance region is  
divided in to  three sections 
duct had a I-in.  by 3-in. cross section and was 18 in.  long. The entrance region 
had three plenum chanibers as shown i n  Fig. 34(a).  
the  entrance region. 
0.01 t o  0.10 micron) and argon was injected into the  central  chaniber and pure 
argon was injected in to  the  outer (buffer) charibers. 
The t e s t  
A diagram of the  duct is  shown i n  Fig, 34(a) The 
Porous foam was placed'above 
A mixture of cigar smoke (par t ic les  ranging i n  s ize  from 
Figure 34(b) presents photographs i n  which cigar smoke was injected in to  the 
central  chamber a t  veloci t ies  of 2 and 9 f%/sec. 
region exis ts  between the  smoke and wa l l .  
the  length is  due t o  non-uniform lighting.)  
In  both photographs a clear 
(The change i n  smoke intensi ty  along 
Because smoke photographs can be misleading, quantitative resu l t s  were ob- 
tained using carbon dioxide i n  the central  chaniber. A ser ies  of gas samples were 
taken across the  duct at  ax ia l  locations 1.0 and 15 in .  above the foam. The 
samples were analyzed with a mass spectrometer t o  determine the relat ive fractions 
of carbon dioxide and argon. Data from t e s t s  i n  which the  stream veloci t ies  were 
9 ft/sec are  shown i n  Fig. 35. 
of the carbon dioxide occurred ei ther  within the foam or immediately downstream 
of the foam, as evidenced by the i n i t i a l  width of the central  stream tribe, 
The resu l t s  indicate tha t  considerable diffusion 
Concentration distributions calculated from laminar diffusion theory are  a lso 
shown i n  Fig. 35. The laminar diffusion coefficient used in  the calculations was 
0.022 inm2/sec (Ref. 22) .  
t o  tha t  calculated for  about 15 in .  of duct length occurred i n  the foam. The car- 
bon dioxide then diff'used a t  a ra te  about three times tha t  expected based on the 
laminar diffusion calculations. This implies the effective diffusion coefficient 
was about three times larger  than tha t  used i n  the calculations. 
agreement considering the uncertainty i n  the diffusion coefi'icient data. 
imply therefore tha t  the f l a w  downstream of the foam i s  not highly turbulent. 
The curves indicate the diff'using effect  equivalent 
This i s  good 
The resu l t s  
Additional f low visualization experiments were conducted with the  two-dimen- 
sional duct shown i n  Fig. 36, A s  discussed above, good separation of the three 
equal-velocity streams (the two buffer-gas streams with a stream containing smoke 
i n  between) was observed when porous foam was placed above the entrance region, 
* Tests conducted by A,  E,  Mensing. 
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Tests were subsequently conducted employing a stream containing carbon par t ic les  
instead of smoke. Visual observations showed the appearance of many streamers i n  
the  particle-laden stream similar t o  those described i n  SECTION 111. 
had not been observed i n  previous t e s t s  using smoke, apparently because visual ob- 
servations w i t h  smoke do not provide suff ic ient  details of t he  f l o w  pattern. 
Streamers 
Additional t e s t s  t o  investigate the streaming ef fec t  were then conducted with 
the  two-dimensional duct using water colored w i t h  dye. In these t e s t s ,  a layer 
of porous foam was placed across the  entrance region jus t  downstream of the duct 
dividers (see Fig. 36(a)). Only the  cent ra l  water stream was colored w i t h  dye. 
Photographs of t h i s  configuration are presented i n  Fig. 36(b), 
the  side view photograph i n  Fig. 36(b) that substantial  streaming of the dye occurred. 
Foams of different  porosity were placed over t he  in l e t  and, although the  foams w i t h  
the  smaller pores resulted i n  smaller-sized streams, the streamers could not be 
t o t a l l y  eliminated. It was evident that the  streamers were being caused by the  
foam . 
It is  evident from 
Another i n l e t  configuration was constructed t o  provide improved f l o w  conditions 
at  the  entrance of t he  two-dimensional duct, thus eliminating the need for  foam 
downstream of the in l e t .  A sketch of th i s  configuration i s  shown i n  Fig. 37. The 
i n l e t  area of each of the  three streams was  increased by a factor of ten  and a 
gradual reduction i n  area was maintained up t o  the  t e s t  section. 
porous foam was placed j u s t  downstream of the  water i n l e t s  t o  break up th’e entering 
j e t s  (see Fig. 37). 
A layer of 
Photographs of the f low patterns obtained i n  these t e s t s  a re  presented i n  Fig. 
Tests were conducted at  several stream flow ra tes  corresponding t o  different 38. 
Reynolds nmibers. 
duct A t  a Reynolds number of 540 (photographs shown i n  Fig. 38 (a) ) 
the  flow appeared laminar, good separation existed between the three streams, and 
no streaming was evident (compare Figs. 38(a) and 36(b) which were at  approximately 
the same conditions). 
f l o w  (see Figs. 38(b) and ( c ) ) .  
wakes breaking in to  turbulence. The waves could be caused by the wakes shed from 
the  s p l i t t e r  plates  dividing the three channels, or by imperfect matching of the  
veloci t ies  of the  three streams. 
formly across the  width of the  channel. 
layers ( i e e o 9  the boundary layers on the l.O-in,-wide sides) a l so  have some effect  
on the f l o w  i n  the  duct. 
(The character is t ic  length was taken t o  be the width of t he  
i .e e , 1 .O i n  e ) 
A s  the Reynolds number was increased, waves were noted i n  the  
Further increases i n  Reynolds number resulted i n  the  
The waves shown i n  Fig. 38(c) did not extend uni- 
It appears that the end-wall boundary 
Tests employing water and dye i n  the two-dimensional channel have confirmed 
that (1) the  existence of t he  streamers i s  associated w i t h  the foam across the  i n l e t  
and (2)  a laminar f l o w  of the  three streams can exis t  for  appreciable distances pro- 
vided care i s  taken t o  eliminate turbulence i n  the entrance region. 
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APPENDIX D 
RESULTS OF SPECIAL INSTRUMENTATION TESTS 
Introduction 
The primary objective of t h i s  study was t o  W t h e r  evaluate the use of 
calorimetric, optical ,  and thermocouple techniques for measurement of the simulated 
propellant ex i t  temperatures ( local  and bulk). 
development of a plasma torch t o  provide a controlled, continuously flowing, 
simulated propellant stream a t  bulk ex i t  temperature between approximately 2000 
and 12,000 R fo r  use i n  instrumentation t e s t s .  
A secondary objective was the 
In the seeded simulated propellant heating t e s t s  described in  SECTION IV of 
t h i s  report, energy was added t o  the propellant stream principally through radiation 
absorption. In the case of the plasma torch experiments described here, convective 
heating was the dominant mode of heat addition t o  the seeded simulated propellant. 
The seed material employed was the same type carbon par t ic les  used i n  the propellant 
heating t e s t s  discussed in  SECTION IV. 
5000 and 16,000 R was obtained a t  the torch ex i t  plane. 
(argon) downstream of the torch ex i t  plane with additional argon, bulk temperatures 
between 2000 and approximately 3100 R were obtained. 
the plasma torch permitted extremely long t e s t  times compared w i t h  the shorter t e s t  
times ( less  than 1 min) used i n  the d-c arc  t e s t s .  
Bulk temperatures between approximately 
By di lut ing the hot gas 
The design and operation of 
Plasma Torch System 
Figure 39 i s  a schematic of the plasma torch system. The system consists of  
the plasma torch, d-c power supply, high-frequency s t a r t e r ,  control console, seed 
dispersal system, and gas and water cooling systems, The torch i s  a modified 50-kw 
commercial plasma torch (Thermal Dynamics Model H-50). The d-c power supply (dis- 
cussed i n  SECTION 11) provided the e l ec t r i ca l  power t o  the torch electrodes through 
internal ly  water-cooled power cables. A high-frequency s t a r t e r  was constructed t o  
provide a safe and re l iab le  s ta r t ing  capability. 
d-c arc radiant energy source t e s t s  reported in  Section I1 was used i n  these t e s t s .  
The console contained a l l  necessary control operating components, e l ec t r i ca l  meters, 
power-supply controls, s t a r t e r  controls, and associated flow metering systems. A 
continuous record of the voltage drop from torch anode t o  cathode was recorded on 
a strip-chart recorder. The 
high-pressure seed dispersal system (see Figs. 39 and 14)  was connected t o  injectors  
located in  the test chamber assembly t o  provide the flow of argon gas and carbon 
seeds required for  the t e s t s .  
The control console used i n  the 
Cooling water from the laboratory supply was used, 
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Figure 40 i s  a sketch of the plasma torch t i p  assembly and associated 
calorimeters, water-cooled copper cylindrical  test  chamber and diagnostic tools  
employed (radiometer system, opt ical  pyrometer system, and rad ia l  scanning thermo- 
couple device). The central ,  water-cooled, hemispherically tipped, 0.312-in.-dia 
tungsten cathode (containing about 2 percent thorium t o  improve i ts  electron- 
emitting properties) was located a t  the entrance of the water-cooled copper anode. 
The distance between the cathode and the anode could be varied by means of an 
adjusting screw. The cathode was positioned by first bringing it in to  contact w i t h  
the anode and then retract ing it about 0.01 in. away. 
through the annulus between the two electrodes, and thus through the arc whose 
current path was between the cathode t i p  and a c i rcular  region down the anode 
nozzle. Care was taken i n  the concentric alignment of the cathode re la t ive  t o  the 
anode as t h i s  minimized electrode erosion a t  high-power operation. It also helped 
t o  provide more s table  arc operation. Alignment corrections were made by means of 
the adjusting screws. 
spark which was struck from the cathode t o  the anode while a small amount of argon 
purge flowed through the torch. 
the annulus, the alignment was judged t o  be correct. 
atmospheric pressure was used i n  the plasma torch cathode chaniber, a s  the diluent 
t o  control bulk temperature, and a s  the seed car r ie r  gas. 
Argon gas w a s  fed ax ia l ly  
The alignment w a s  checked using the high-frequency s t a r t e r  
When the arcs were uniformly distributed around 
In a l l  t e s t s ,  argon a t  
Ignition of the torch was accomplished with a remote s t a r t e r  button which 
Once 
energized the high-frequency (15 kHz) and high-voltage (18 kw peak-to-peak) arc 
s t a r t e r  with the main power supplies set for  a current of about 150 amp. 
ignit ion occurred, the argon gas flow was  adequate t o  blow the discharge in to  the 
nozzle portion of the copper anode and dis t r ibute  it over a wider surface area. 
After completion of  t h i s  s ta r t ing  sequence, the arc current (controlled by the 
rheostat control) and the argon gas weight flow ra t e  (controlled by valves and 
monitored by rotameters) were adjusted t o  values desired for  the t e s t  conditions. 
Test Chamber and Exhaust Gas Calorimeter 
The t e s t  chamber and the exhaust gas calorimeter located downstream of the 
t e s t  chamber a re  a lso shown i n  Fig. 40. 
water-cooled copper tube (blackened on the inside surface) approximately 4 in.  long. 
The operating pressure inside the t e s t  chamber was approximately 1.0 atm. Four 
copper diluent and seeded-gas injectors  (oe065-ine-m) were mounted i n  two diamet- 
r i c a l l y  opposed pa i rs  w i t h  t he i r  t i p s  extending 0.25 in.  in to  the test  chamber. 
They were located 0.6 in ,  above the ex i t  plane of the torch. 
were soldered into the copper t e s t  chamber wall. 
the  location a t  which thermocouple rad ia l  traverses were made in  addition t o  radio- 
meter and opt ical  pyrometer measurements, was located 3 in. downstream of the torch 
ex i t  plane (see Fig, 40) 
1.0 in .  upstream of the t e s t  section s ta t ion.  No special  thermal insulation was 
applied t o  the outer periphery of the test  chamber o r  exhaust gas heat exchanger. 
The t e s t  chamber consists of a l.5-ine-ID 
These copper injectors 
The t e s t  section station, i . e . ,  
The water-cooling co i l s  of the test chamber ended about 
To permit viewing a t  the t e s t  section station, a viewing tube and aperture 
assembly was attached t o  the t e s t  chamber (Fig. 40). 
tube, 11,25-ine long, was soldered in to  a port  of the test  chamber a t  the t e s t  
section s ta t ion.  
A 0.l25-in. apertwre was attached t o  the extreme end (away from the test  chamber) 
of the tube. 
the aperture 
Section I1 but employing a LiF2 window, was located adjacent t o  the aperture. 
The t o t a l  distance between the  thermopile element and the  centerline of the cylin- 
dr ica l  t e s t  chamber was 13.0 in.  
on a strip-chart  recorder, 
A 0.325-ina-ID collimating 
The inside of the tube was blackened t o  reduce s t ray  reflections.  
A lithium fluoride window was attached t o  the tube d i rec t ly  behind 
A specially constructed radiometer, similar t o  t ha t  discussed in  
The output of the radiometer system was displayed 
A 0,127-ine-dia port  was located approximately 30 deg away from the axis of 
the opt ical  viewing tube. 
t o  be inserted into the t e s t  chamber a t  the t e s t  section station. A rad ia l  t r a -  
versing mechanism was fabricated which permitted the thermocouples t o  be indexed 
into the t e s t  chamber. 
chart recorder. 
This permits thermocouples with Oe125-in. stem diameters 
The output from the thermocouple was displayed on a s t r ip-  
Attached t o  the top of the t e s t  chamber was a water-cooled copper-brass 
cylindrical  calorimeter (Fig. 40). The calorimeter was about 1 f t  long and was 
positioned w i t h  i t s  axis approximately 45 deg t o  tha t  of the t e s t  chamber. The 
seed-laden argon exhaust leaving the calorimeter was routed in to  the exhaust hood 
vent system described in  SECTION 11. A chromel/alumel thermocouple was located 
i n  the exhaust gas l i n e  immediately downstream of the heat exchanger. It was 
instal led t o  permit about a 5-in. immersion length into the exhaust gas ex i t  l ine ,  
thus minimizing possible errors  due t o  heat conduction through the stem. 
Measurement Techniques and Calibration Results 
To investigate the bulk temperature ranges obtainable using the plasma Jet  
torch, a separate ser ies  of t e s t s  was conducted using basical ly  the configuration 
shown i n  Fig, 40, but pr ior  t o  ins ta l la t ion  of the seed injectors and with the ports  
a t  the t e s t  section s ta t ion plugged. The resu l t s  are  shown i n  Fig. 41. This 
i l l u s t r a t e s  the range of bulk temperatures achievable w i t h  the plasma torch i n  
re la t ion t o  the t o t a l  power input and argon gas weight flow ra t e  t o  the torch 
assembly only (no diluent or seeded gas addition downstream of the  torch exit plane), 
The open symbols correspond t o  the ordinate on the l e f t  ( t o t a l  e l ec t r i ca l  power 
input t o  the torch divided by the argon gas weight flow ra t e  from the torch),  
reference, the 5OO-amp torch operating condition corresponds t o  about 10,500 R 
bulk temperature near the plasma torch exi t  plane. The bulk temperatures were cal- 
culated for  argon based on a constant specific heat, The sol id  symbols i n  Fig. 41 
correspond t o  the ordinate shown a t  the r ight .  In th i s  case, the t o t a l  power i n  
the plasma exhaust a t  the t e s t  section station, as  determined from the exhaust gas 
calorimeter measurements, was used, 
For 
The displacment of  the sol id  symbol data below 
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t ha t  of the open symbols provides an indication of the overall  efficiency of the 
plasma torch i n  converting e l ec t r i ca l  input power in to  argon gas energy content. 
To permit an estimate of the amount of radiation from the plasma j e t  which 
escapes ve r t i ca l ly  a t  the t e s t  chamber, a test was conducted using a radiometer- 
mirror op t ica l  system and a standard tungsten filament lamp.  The configuration 
was similar t o  tha t  shown i n  Fig. 39. The inside of the test chamber was blackened 
and a mirror was located above the ex i t  plane of the t e s t  chamber and s e t  a t  an 
angle of 45 deg t o  the e x i t  plane. A radiometer was located t o  permit viewing down 
the test  chamber through the mirror. The plasma torch was then operated a t  the 
500-amp t e s t  condition and the other operating parameters shown i n  the  notes i n  
Fig. 42. 
into the plasma was l o s t  due t o  radiation escaping ve r t i ca l ly  through the t e s t  
chamber. 
In contrast t o  the d-c a rc  radiant energy source t e s t s  where the thermocouples 
were exposed t o  re la t ive ly  high radiation levels,  the t e s t s  conducted w i t h  thermo- 
couples using the plasma torch should not have the high associated radiation e r rors  
involved. 
The data indicated that  l e s s  than 5 percent of the t o t a l  power deposited 
This i s  reasonable based on the bulk temperatures of the plasma torch. 
Test Results 
Local Temperature Measurements 
The t e s t  r e su l t s  for  the plasma j e t  torch operating a t  the 500-amp condition 
Figure 42 shows 
are  summarized i n  Fig. 42. 
The operating t e s t  conditions a re  shown i n  the notes i n  Fig. 42. 
the r ad ia l  variation of the loca l  temperature, TL, a s  measured by a platinum/platinum 
10-percent rhodium exposed junction thermocouple, fo r  the three cases of no seeds, 
l i gh t  seed flow, and heavy seed flow. Thermocouple measurements were made from the 
t e s t  chamber centerline t o  the dimensionless rad ia l  posit ion corresponding t o  0.75. 
A t  values beyond th i s  location, leakage occurred around the convergent t i p  of the 
thermocouple stem and the access port .  
loca l  flow pattern.  These data show the e f fec ts  of l i g h t  and heavy seed flows on 
the loca l  temperature levels  and t h e i r  rad ia l  p ro f i l e  trends, It i s  important t o  
point out t ha t  the t e s t  chamber and seed dis t r ibut ion within the t e s t  chamber using 
the plasma torch configuration i s  not the same as tha t  used w i t h  the d-c arc  
radiant energy source, 
injected ver t ica l ly  through a central  annulus and then passed through layers of 
foam pr ior  t o  reaching the t e s t  section. Buffer layers also were successfully 
employed t o  maintain the seeds off  the t e s t  chamber walls. In the case of the 
plasma torch configuration, the seeds were injected rad ia l ly  into the  main stream 
with no use of buffer layers.  In addition, no foam material was used anywhere i n  
the t e s t  chamber 
Refer t o  Fig. 40 fo r  de t a i l s  of the t e s t  configuration. 
This affected the thermocouple reading and 
In the d-c arc  radiant energy source t e s t s ,  the seeds were 
The temperatures measured indicate a re la t ive ly  f l a t  p rof i le  i n  the central  
region of the t e s t  chamber. Two values a re  indicated fo r  the no-seed case a t  the 
52 
J-910900-1 
centerline location. 
made with a clean thermocouple junction (no carbon seed coating). 
believed tha t  the  coating of carbon which builds up on the  junction may af fec t  the 
temperature measurement, t h i s  additional data point was taken f o r  reference. 
remaining data points shown on Fig. 42 were taken with the thermocouple coated w i t h  
carbon seed material as  acquired during actual  t e s t  operation., 
The higher temperature of 3340 R corresponds t o  a measurement 
Since it was 
All 
To ver i fy  the accuracy of the platinum/platinum 10-percent rhodium thermocouple 
a separate se r ies  of cal ibrat ion t e s t s  were completed. The actual thermocouple used 
was calibrated i n  a furnace of known temperature and against a chromel/alumel 
thermocouple of similar design when both were exposed t o  the same temperature. 
resu l t s  indicate about a 5-percent difference i n  the tenrperature readings.between 
a clean platinum/platinm 10-percent rhodium thermocouple and one that has been 
exposed t o  a se r ies  of hot seed t e s t s ,  the former being higher. Apparently the  
layer  of carbon accumulated on the surface of the thermocouple junction ac t s  as  an 
insulator.  
hot carbon stream and the  bead junction. 
a f t e r  suff ic ient  time had elapsed for  a l l  systems t o  come t o  steady-state conditions. 
The 
In addition, some chemical reactions may have taken place between the 
A l l  data shown i n  Fig. 42 were obtained 
The addition of a l i gh t  f l o w  of carbon seeds resulted i n  a decrease i n  loca l  
temperatures, as shown by the middle curve i n  Fig. 42. 
the centerline of the t e s t  chamber decreased approximately 10 percent. 
heavy flow of carbon seeds was used, t h i s  drop changed t o  about 30 percent. 
significant increase i n  the heat capacity due t o  the addition of carbon par t ic les  
resulted i n  the decreases i n  the loca l  temperatures measured as  seeds were added. 
Unfortunately, an accurate determination of the carbon seed weight flow r a t e  could 
not be made i n  these t e s t s ;  thus, an estimate based on p r io r  cold and hot flow seed 
t e s t  resu l t s  was used. 
drops calculated using estimated values of C 
The loca l  temperature a t  
When a 
A 
These temperature drops a re  roughly equal t o  the temperature 
for  the argon/carbon mixture,, P 
Calorimetric Measurements 
Based on the calorimeter measurements w i t h  no seeds flowing, the bulk temperature 
was calculated t o  be 3067 R. 
heat of argon of 0.125 Btu/lb-deg R. 
t o  the loca l  temperature prof i le .  
T h i s  calculation was based on a constant specif ic  
This bulk temperature appears high re la t ive  
Consideration was given t o  a l l  apparent reasons tha t  could account for  the 
difference between the TL prof i les  and TB as  measured by the calorimeter. A 
completely sat isfactory single explanation was  not found. However, several factors 
may have contributed t o  t h i s  difference. The argon flow ra tes  used were quite low 
for  the flow metering equipment employed i n  these t e s t s ,  
determining the argon weight flow r a t e  would resu l t  i n  a significant change i n  the 
calculated bulk temperature, 
error  a t  the low-scale range. 
close t o  the wall; a significant portion of the main flow was directed out the 
Therefore, an error  i n  
The rotameters as  used a re  subject t o  about 10 percent 
Local temperature measurements could not be made 
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thermocouple port  when the  thermocouple junction was moved near the  wall boundary. 
Secondary flow pat terns  ex i s t  near the w a l l ;  associates with these may be tempera- 
tures  higher than those a t  mid-radius, par t icu lar ly  i n  the case with seed flow. 
It is  possible tha t  these secondary flows of recirculat ing hot carbon pa r t i c l e s  
together with the increased volume ef fec t  a t  the larger  radius, may r e su l t  i n  
increased bulk temperatures based on the integrated loca l  values. 
immersion length of the  platinum/platinum 10-percent rhodium thermocouple (and 
associated conduction errors)  may also have affected the loca l  temperature recorded 
off-axis. 
located colinear with the t e s t  chamber axis should be used. The calculated bulk 
temperature based on calorimetric measurements with seeds flowing i s  also uncertain 
due t o  the heavy accumulation of seeds i n  the calorimeter (d i f f i cu l t  t o  avoid under 
heavy seed flow conditions) and the uncertain carbon seed weight flow rate .  
The short 
Ideally, a long-stem thermocouple ( W e r s i o n  length greater than 20) 
Unt i l . the  extent of these possible errors  can be assessed, the  type of 
agreement shown i n  Fig. 42 w i l l  have t o  be accepted with th i s  type of instrumentation. 
Optical Measurements (Radiometer and Pyrometer) 
In addition t o  the calorimeter and loca l  temperature measurements, the 
reradiation from the hot seeded stream was also measured using both a radiometer 
and an opt ica l  pyrometer. 
culated from the calorimetric measurements, a r e  a lso shown i n  Fig. 42. 
These resu l t s ,  along with the bulk temperature cal- 
. 
Using the  radiometer and view port  system discussed previously, measurements 
Cal- were made of the leve ls  of reradiation obtained from a heavy flow of seeds. 
culations based on the radiant energy f lux  measurements indicate an equivalent 
black-body radiating temperature of 2650 R. 
a heavy flow of seeds i s  what would be expected on the basis  of increasing C 
the argon/carbon mixture. 
The lower TL prof i le  t ha t  resulted w i t h  
fo r  P 
The temperature measured using the  opt ica l  pyrometer i n  place of the radiometer 
a r e  a lso shown i n  Fig. 42 fo r  the no-seed and light-seed cases. 
measurements a lso indicated what was expected -- fo r  two streams a t  about the same 
temperature, reradiation from the seeded stream was higher than tha t  from the 
unseeded stream. For an estimated carbon seed weight flow r a t e  of approximately 
2 x 10-3 lb/sec, the calculated bulk temperature fo r  t h i s  t e s t  is  approximately 
2530 R. This value i s  i n  reasonable agreement w i t h  the  2650 R equivalent black- 
body radiating temperature obtained from the radiometer measurements. Thus, the 
resu l t s  indicate tha t  the radiant heat f lux  emitted from the seeded gas approaches 
tha t  of the black-body radiant heat f lux  corresponding t o  the bulk gas temperature. 
The pyrometer 
It is  important t o  emphasize tha t  the resu l t s  obtained here were under be t t e r  
controlled conditions than those i n  the d-c arc  propellant duct. 
exact determination of the carbon seed weight flow r a t e  and dis t r ibut ion is  made, 
no further conclusions can be made re la t ive  t o  the seeded stream opacity and i ts  
Until a more 
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effect on the radiant heat flux emitted from the seeded gas. 
should concentrate on better determination of seed flow rate using an on-line 
technique e 
In the future, work 
Summary 
As a result of these experiments, an assessment of the operating characteristics 
of the plasma torch system has been obtained. 
temperatures (based on calorimetric measurements) well into the range of seeded 
simulated propellant temperatures of current interest in the hot-flow tests using 
the d-c arc radiant energy source. Radial temperature profiles were measfxred for 
two conditions of seed weight flow rates and for the no-seed case, 
measurements from the hot carbon seeded stream were obtained, as were optical 
pyrometer measurements of both the seeded and unseeded simulated propellant stream. 
The system has been operated at bulk 
Reradiation 
On the basis of these limited tests, it is concluded that calorimetric methods 
can be used to obtain bulk exit temperatures, provided run times are sufficient to 
reach equilibrium conditions and provided accumulation of seeds in the calorimeter 
can be prevented. 
meter) compared favorably in these tests with a calculated bulk temperature based 
on an estimated seed flow rate. 
requires further testing with a more satisfactory method than is presently used for 
estimating seed flow rate, 
tests was in fairly good agreement with the reradiation expected based on the 
calculated bulk temperature. Finally, it is apparent that thermocouples can be 
successfully used to measure local temperatures in seeded streams up to perhaps 
3000 Re 
couples would be required to assess their usefulness. 
The optical measurement techniques (radiometer and optical pyro- 
Final judgment of the accuracy of these methods 
The measured reradiation from the seeded gas in these 
At higher temperatures, considerable research on advanced shielded thermo- 
The plasma torch configuration as constructed is suited for continued 
high-temperature heat transfer and radiation studies directly associated with 
seeded simulated propellant streams and f'uture fuel-handling experiments. 
exit temperatures in the range from 2000 to 16,000 R are available. 
diagnostic tools and techniques (eo g. , double-sonic orifice probes, enthalpy 
probes, multiple-shielded aspirating thermocouples, ablating probes, etc ) can be 
evaluated and calibrated using this facility as required in the future. 
Bulk 
Additional 
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TABU I 
FLOW CONDITIONS FOR D-C ARC 
PROPELLANT HEATING TESTS 
Pressure In Propellant Duct 
Argon Weight Flaw Rates 
Inner Buffer Flaw 
Outer Buffer Flow 
Seed Carrier Flow 
Propellant Stream Velocity 
I n l e t  Temperature 
Estimated Seed Flow Rate 
Total Simulated Propellant Flow 
(0.010 + 0.016 + 0.004 + 0.003) 
1.0 atm 
0.010 lb/sec 
0.016 lb/sec 
0.004 lb/sec 
5.0 f t / sec  fo r  a l l  
three streams 
525 R 
0.003 lb/sec 
0.033 lb/sec 
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SEE FFG. 20(a) FOR ORIFICE SIZES AND ARGON FLOW RATES 
SEE FIG. 19 FOR DIAGRAM OF TEST EQUIPMENT 
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(a) N O  ORIFICE 
SEE FIG. 19 FOR DIAGRAM OF TEST EQUIPMENT 
SEE FIG. 21 FOR MASS ATTENUATION RESULTS 
SAMPLED FROM FLOWING DISPERSION 
LENGTH SCALE k---lp-{ 
(b) ORIFICE DIA = 0.040 IN. 
ORIFICE PRESSURE DROP = 130 PSI 
(c) ORIFICE DIA = 0.020 IN. 
ORIFICE PRESSURE DROP = 396 PSI 
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SEE FIG. 3 FOR DETAILS OF TEST CONFIGURATION 
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TYPICAL HOT-FLOW PROPELLANT HEATING TEST 
SEE FIG. 3 FOR TEST CONFIGURATION 
SEE T A B L E I I  FOR SUMMARY OF TEST RESULTS 
(a) PHOTOGRAPHS OF 
ARC COLUMN 
FIG. 2.5 
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( c )  CORRESPONDING TEST CONDITIONS AND MEASUREMENT RESULTS 
PRESSURE IN PROPELLANT DUCT 
PROPELLANT STREAM VELOCITY 
1.0 ATM 
5.0 FT/SEC 
PROPELLANTSTREAM WEIGHT FLOW RATE+ 0.033 LB/SEC 
PROPELLANTSTREAM INLETTEMPERATURE 525 R 
LOCALTEMPERATURE MEASURED BYTHERMOCOUPLE A T P R O P E L L A N T  
1 9 3 0  R DUCT EXIT WITH SEEDS 
AVERAGE TEMPERATURE A T  PROPELLANT DUCT EXIT WITH SEEDS BASED 
ON CALORIMETER MEASUREMENTS 1169 R 
AVERAGE TEMPERATURE AT PROPELLANT DUCT EXIT  WITH SEEDS BASED 
ON RADIATION ATTENUATION MEASUREMENTS 1335  R 
'0.030 LB/SEC ARGON AND 0.003 LB/SEC CARBON (SEE TEXT)  
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TOTAL 26.42 
OTHER 21.58 
SEE T A B L E I  FOR TEST CONDITIONS 
SEE T A B L E  fl, RUN NO. 13 FOR TEMPERATURE RESULTS 
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a) DUCT GEOMETRY 
A L L  DIMENSIONS IN INCHES 
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